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AN EXECUTIVE SUMMARY 
of 
the report 
A PAVEMENT DATA BASE FOR PDMS 
by 
Jorge E. Hernandez 
B. Frank McCullough 
W. Ronald Hudson 
This report is the first phase of a proposed three-phase project 
developing and impleme~ting a data base for the Pavement Design 
Management System (PDMS) which was developed by The University of Texas 




PDMS may be used to design asphalt concrete, surface treatment, and 
aggregate surfaced pavement structures. Results from the implementation of 
PDMS in certain Forest Service design offices indicate good performance of 
PDMS regarding the asphalt concrete and surface treatment pavement designs. 
However, the implementation results also indicate that the models used in 
PDMS for the design of aggregate surfaced roads need to be improved. This is 
not surprising, since these models were not developed with data from Forest 
Service roads. 
The characteristics of the Forest Service road system make it truly 
unique in the world. Because of this, roadway structure design and 
management methodologies developed by other transportation agencies are not 
adequate for Forest Service needs. To improve these methodologies in PDMS, 
performance information on Forest Service roads must be collected and 
analyzed. Even a small improvement in the management of pavement structures 
system-wide will result in the saving of millions of dollars annually. 
Therefore, a data base is a necessary and valuable tool. 
Scope of Report 
The feasibility of such a data base is analyzed in this report. Three 
major parts may be identified in the report. The first part, including 
Chapters 1, 2, and 3, deals with problem identification and selection of the 
variables to be included in the data base. The second part, including 
Chapters 4 and 5, deals with the description and evaluation of the 
procedures, devices, and methods that may be used for collecting the 
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information. The third part, Chapter 6, deals with the design of the 
experiment for collecting pavement performance information regarding 
aggregate surfaced roads and unsurfaced roads. Three experiment alternatives 
are generated by considering different numbers of test sections as well as a 
time duration of observations. A rough cost estimate is also presented in 
Chapter 6. 
Chapter 7 presents the conclusions and recommendations derived from the 
report. 
Results From Questionnaire 
In order to develop the necessary background information for data base 
recommendations, a "Forest Characterization Questionnaire" was sent to all 
the National Forests. The questionanaire's intent was to characterize the 
National Forest in terms of road mileage, type of surface, number of lanes, 
pavement structural characteristics (number of layers and thicknesses), 
traffic volume and classification, and tOPGgraphic and environmental 
parameters, as well as material testing methods and traffic measuring 
systems. 
Of 140 questionnaires sent, 83 percent were completed and returned. The 
information included was summarized in a national summary, presented in 
Appendix B, as well as in one regional summary for each of the regions of the 
Fbrest Service. The information presented in these summaries is based on the 
received information, and no adjustment factor was used to extrapolate from 
83 percent of the completed questionnaires to 100 percent of the mailed 
questionnaires. 
Some of the important facts derived from this survey are that the 
U.S. Forest Service road network is more than 248,000 miles long, with almost 
68 percent of the roads classified as unsurface9 roads, 28 percent as 
aggregate surfaced roads, and less than 5 percent as asphalt concrete or 
surface treatment roads. It is also interesting that Region 6 (primarily 
Oregon and Washington) has almost 30 percent of the roads under the Forest 
Service administration and that 90 percent of the roads are "one-lane" roads. 
Other interesting facts are that 70 percent of the aggregate surfaced roads 
have a traffic volume of less than 50 vehicles per day, and almost 90 percent 
of the aggregate surfaced roads have less than 100 vehicles per day. 
Additional detailed information is presented in Chapter 2 of the report. 
Description of Date Base Experiment 
As a result of the analysis performed in Chapter 3 to identify the 
variables for inclusion in the data base, we recommend the measurement of 
four major pavement performance variables, namely, rut depth, roughness, 
aggregate loss, and looseness. These four variables are designated dependent 




Variation of these variables depends upon the combination of a set of 
secondary variables, namely, traffic, pavement thickness, pavement materials, 
and environmental and topographical factors. These secondary variables are 
designated independent variables. 
It is proposed that these dependent and 
monitored in the Primary Study, which would 
continental United States. 
independent variables be 
be conducted across the 
A second set of studies, known as Satellite Studies, are proposed to 
determine the influence of specific factors on pavement condition in a more 
limited sphere. Two satellite studies are proposed for both aggregate 
surfaced and unsurfaced roads to study the effect of different maintenance 
levels and the freeze-thaw cycle on the pavement condition. 
Equipment, procedures, and methods for measuring each of the dependent 
and independent variables are described and evaluated in Chapters 4 and 5. 
It is recommended that, prior to any decision as to methodology, a pilot 
study be conducted in order to verify the performance, adequacy, and cost for 
the proposed devices, procedures, and methods. Recommendations on performing 
this pilot study are presented in Chapters 6 and 7. The sections selected 
for the Pilot Study can eventually be included in the pavement data base; 
therefore, all the information will be utilized. 
Several alternative designs for the data base are presented in Chapter 
6; one set of alternatives was developed for aggregate surfaced roads and one 
set for unsurfaced roads. In both cases, the alternatives were generated by 
varying the total number of test sections. Also, three time durations have 
been considered: one, two, and three years. The proposed alternatives have 
a statistical basis developed from the methodology for the design of 
experiments, which is briefly described in Chapter 6. 
Cost of Date Base Experiment 
A rough estimate of the experiment cost for each of the proposed 
alternatives has been determined. For the case of aggregate surfaced roads, 
it is as follows: 
Experiment A 
Duration (198*) 
One year $3,888,000 
Two years 6~047,000 










*The number in parenthesis refers to the number of test 
sections. 
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For the case of unsurfaced roads, the cost for each experiment 
alternative is as follows: 
EXEeriment Alternatives 
Experiment A B C 
Duration (198*) (126*) (54*~ 
One year $3,888,000 $2,441,000 $ 993,000 
Two years 6,047,000 3,908,000 1,770,000 
Three years 8,205,000 5,376,000 2,547,000 
*The number in parenthesis refers to the number of test 
sections. 
From the previous figures, it may be noted that the least expensive 
alternative calls for 54 sections of aggregate surfaced roads and 16 test 
sections of unsurfaced roads for a duration of one year. The cost of such an 
alternative would be $1,230,000. 
At the other extreme, if it is decided to collect information over a 
period of three years, establishing 198 sections for aggregate surfaced roads 
and 76 sections for unsurfaced roads, the cost would be $10,798,000, almost 
ten times the previous figure. However, with the benefits of improved 
pavement structure design and maintenance, as well as more accurate 
information for planning and estimating purposes, this data base cost could 
be rapidly exceeded by the benefits. Conaidering annual maintenance costs 
alone, a savings of only a few percent would result in millions of dollars in 
reduced cost annually. 
The cost of a Pilot Study can be fixed at a given level and the number 
of test sections varied to fit the budget. It is recommended that the budget 
be set at a level of $175,000 to $200,000. 
Decision Considerations 
In making the· final decision regarding the experiment layout, we 
recommend that the Forest Service Administration keep in mind the reliability 
of information derived from each of the alternatives. Obviously, the more 
test sections, the more reliable the derived models, conclusions, etc. Care 
should be exercised not to make arbitrary decisions based strictly on a first 
cost criteria. Such decisions may produce an experiment with less useful 
information and, conse~uently, less applicability. 
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When making a final decision, the present investment in the Forest 
Service road network, as well as the magnitude of this road network should be 
considered. The Forest Service Transportation System is much larger than the 
road network in most countries. In addition, Forest Service roads have ax~e 
loadings, seasonal traffic variations, environmental conditions, topographic 
constraints, and surfacing materials that as a whole, are different than any 
other transportaton agency in the world. Important information applicable to 
Forest Service roads will not be available from any other source. These 
facts suggest the study be performed at as high a level as possible. 
Considering the annual appropriated expenditures in regular maintenance, 
Which in 1980 was $77 million, the least expensive experiment alternative 
IBpresents 1.6 percent of this 'figure. Assuming that 5 percent of the annual 
maintenance expenditures would be saved with the operation of an efficient 
POMS, then the cost of the least expensive experiment would have a payback 
period of approximately one-third of a year. 
If the most expensive experiment layout is selected and measurements are 
made over a period of three years, the experiment cost would be around $11 
million, or $3.7 million annually. This annual figure represents only 4.8% 
of the maintenance expenditures appropriated in 1980. 
Another fact that may influence the final decision is the worldwide lack 
of reliable and adequate information regarding the performance of aggregate 
surfaced roads and unsurfaced roads. With more than 95 percent of the Forest 
Service road system miles in this category, better information is extremely 
important_ 
The availability of adequate information would allow a definition of 
optimum pavement design and maintenance policies, which should lead to an 
optimum utilization of the available resources. In the same way, this 
information should lead to more uniformity of policies among the various 
Forest Service offices, which is another factor to be considered when the 
final decision relating to the development of the data base for PDMS is made. 
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CHAPTER 1. INTRODUCTION AND BACKGROUND 
Under the terms of a coooperative agreement, The University of Texas and 
the U.S. Forest Service have been working together to develop a pavement 
management system applicable to the roads under the Forest Service 
jurisdiction. This pavement management system, known as the Pavement Design 
and Management System (PDMS), was implemented in 1979 in selected Forest 
Service design offices, and is being integrated as a part of the Forest 
Service Road Design Handbook. 
In order to expand and improve the capabilities of PDMS, more 
development is necessary. Nearly all of the mathematical models used in PDMS 
m determine road surfacing strategies were developed by agencies other than 
the U.S. Forest Service. This is because almost no information on the 
performance of Forest Service roads has ever been systematically collected, 
especially in the relatively unexplored area of aggregate surfaced and 
unsurfaced roads. To properly gather this information, a data base for 
monitoring the performance of Forest Service roads is vital. The purpose of 
this project is to perform a feasibility study for such a data base. 
Chapter 1 provides background information; the Forest Service Road 
Network is delineated, and a brief description of PDMS is included. General 
concepts about the functions and purpose of a data base in any pavement 
management system are outlined. Finally, the approach adopted to perform 
this feasibility study is defined. 
FOREST SERVICE ROAD NETWORK 
The Forest Service, as a division of the U.S. Department of 
Agriculture, is responsible for the wise use of forests and related watershed 
lands. These lands comprise, as stated by Howlett, (Ref 1), one third of the 
total land area of the United States. A significant part of this land area, 
approximately 750,000 km (187 million acres), is under direct Forest 
Service management. The Forest Service is organized in nine regions, which 
include 155 National Forests and 19 National Grasslands, located in 44 states 
and Puerto Rico (Fig 1.1). 
















































































































































































































































































































































































(1) Timber production, 
(2) Watershed protection, 
(3) Forage prOduction, 
(4) Wildlife habitat improvement, and 
(5) Recreation. 
3 
Some of the most important activities carried out by the Forest Service 
are: reforestation, timber stand improvement, revegetation, range 
improvement, land acquisition and land exchange, recreation, control of 
forest fires, etc. In order to carry out these activities, the U.S. Forest 
Service manages an impressive and complex road system, which is more than 
250,000 miles long and may be classified by surface type as follows: 
Surface Type IDln % 
Asphalt concrete 5,864 2.4 
Surface treatment 5,922 2.4 
Aggregate surfaced roads 68,741 27.7 
Unsurfaced roads 167,408 67.5 
Total 247,935 100.0 
These data were developed based on the information presented in Chapter 2. 
Table 1.1 provides an idea of the magnitude and importance of the Forest 
Service road network by comparing it with road networks of some countries. 
Note that the U.S. Forest Service network is in sixth place on a length 
basis. 
The complexity of the road system operated by the Forest Service is 
increased by the existence of trails, ski lifts, cable logging facilities, 
yarding areas, airfields, heliports, boat ramps, and boat docking facilities. 
These facilities imply the movement of people and goods, and consequently, 
the existence of roads. There will exist a great variety of users of these 
roads. One of the largest groups of users are the haulers of wood products. 
Frequently heavy trucks are used, producing high stresses in the road 
surfacings. However, the number of repetitions is relatively small. Among 










































































































































































































































































































































































































































































































































National Forests, recreationalists, ore haulers, and forest administrators. 
These roads must accommodate a mixture of vehicles similar to most public 
road systems. 
Another important characteristic of this road network is the 
distribution of traffic throughout the year. There will be periods of the 
year when the roads may not be widely used and others, like the hunting and 
fishing seasons, weekends, summer camping, winter skiing season or 
accelerated timber salvage sales, when the number of vehicles per day will be 
very large. 
The environmental factors, such as heavy precipitation and spring thaw, 
Play an important role in the design, construction, and operation of these 
unpaved roads. Such conditions may either make a road impassable or may 
force temporary road closure. These situations rarely occur in the paved 
s.ystems. The design speeds on Forest Service roads are generally less than 
48 kmh (30 mph), and a great portion of the roads were constructed as long as 
75 years ago, reflecting chronological changes as well as political and 
mission oriented changes. Many of the roads were neither designed nor 
engineered, but were developed from earlier routes such as Indian trails and 
animal paths. 
The investment in the existing Forest Service road system is 
approximately $2,500 million. About 16,000 km are constructed and 
reconstructed annually, representing an additional annual investment of more 
than $272 million. In 1980, Forest Service maintenance expenditures for the 
road system were about $77 million. 
Clearly, the size of the Forest Service road system, as well as the 
predominent use of unbound surfacing materials, sets it apart from other 
transportation agencies in the U. S.. Considering the additional factors of 
heavy axle loads, seasonal traffic variations, extreme environmental 
conditions, and low-volume traffic, the Forest Service road system is truly 
unique in the world. It is difficult, therefore, to design and manage the 
roadway structure of this system using methodologies and data from other 
transportation agencies. 
It will be necessary to develop a Forest Service data base to be able to 
develop optimum design and maintenance procedures for Forest Service roads. 
DEVELOPMENT OF THE PDMS COMPUTER PROGRAM 
Management of such a unique and complex road network as that of the 
U.S. Forest Service is not an easy task. In addition to the factors 
previously mentioned, other aspects such as organizational constraints and 
organizational acceptance, must be considered. The interaction of these 
parameters presents a situation that requires the optimum use of material, 
financial, and human resources in order to satisfy maximum needs in the most 
reasonable way. 
6 
In order to properly face this challenge, the U.S. Forest Service and 
The University of Texas initiated a cooperative study in 1972 to develop a 
pavement management system for the Forest Service road network. The work has 
been conducted in three phases under the project name, "A Pavement Design and 
Management System for Forest Service Roads." As of today, three reports have 
been produced as follows: 
Phase I "A Conceptual Study" July 1974 
Phase II "A Working Model" February 1977 
Phase III "Implementation" January 1979 
During Phase I, the feasibility of developing such a pavement management 
system was analyzed. The positive results obtained from this research led to 
the development of a working computer based model during Phase II of the 
project. The working model is known as PDMS (Pavement Design and Management 
System). In the "Implementation" report, (Phase III), the experience derived 
from a trial implementation in several offices of the Forest Service was 
presented. As a result of this third phase, two additional projects have 
been conducted at The University of Texas. The first of these is known as 
"Transportation Engineering Handbook, Chapter 50-Pavement Design", which 
deals with the reV1S1on of the actual design procedure used in the Forest 
Service (Ref 73), and the integration of PDMS in the U.S. Forest Service Road 
Design Handbook. The second project is known as itA Data Base for the 
Pavement Design and Management System PDMS, It Phase 1, which analyzes the 
feasibility of a data base for PDMS. The results of this feasibility or 
conceptual study are presented in this report. 
COMPONENTS OF PDMS 
The Forest Service Pavement Design and Management System (PDMS) is a 
modular computer program that can be used to design asphalt concrete, surface 
treated and aggregate surfaced roads (Ref 3). The components of any pavement 
management system may be represented in a general way as shown in Fig 1.2, 
and they are: the inputs, the models, the monitoring parameters, the 
decision criteria, and the outputs. 
The input information includes data 
construction, maintenance, structural 
and constraints. 
related to traffic, environment, 
design, operational characteristics, 
The reliability of PDMS, as of other computer programs, is based on the 
accuracy of the inputs and of the models, which are just mathematical 
representations of particular processes. In PDMS, the following models are 
used: (1) traffic, (2) user delay cost, (3) vehicle operating cost, (4) 




























































































































































































and (8) failure criteria. Of these, the performance, structural, and 
user-delay models have been taken directly from previous pavement management 
systems (Refs 5 and 6). The other component models have been either 
modified, obtained from other sources, or developed specifically for the 
Forest Service system. Among these models, the most important are the 
structural model, the failure criteria models and the performance prediction 
models. 
The structural model (Ref 3) used for aggregate surfaced roads is based 
on the current U.S. Forest Service design method, which is based on a 
combination of the AASHTO structural design equation for flexible pavements 
(Refs 5, 7, 8), and the U.S. Army Corps of Engineers' Thickness Design 
Charts (Ref 9). 
The failure criteria for aggregate surfaced roads in PDMS is based on a 
triple failure criteria, as illustrated in Fig 1.3. The first component of 
these criteria is PSI, or serviceability concept, which is applied in the 
same manner as for bituminous surfaced roads. The second component is 
related to rutting, and in this case, the failure is defined as the time at 
which a two inch rut develops in the wheel path. Th~ final component of the 
triple failure criteria is based on failure due to excessive aggregate loss, 
~ich results when the thickness of the top layer is reduced to a minimal 
acceptable level specified by the user. The amount of gravel loss may be 
predicted by the Lund Model (Ref 11), the Brazilian Model (Ref 20), or 
specified directly in terms of axle applications; the choice is based on user 
preference. The failure of the road will occur at the time when the limiting 
value for any of the three models is present in the road. 
The next component of a Pavement Management System, as shown in Fig 1.2, 
is a group of parameters called "monitoring parameter." For each proposed 
design alternative, a particular behavior, distress, traffic, performance and 
cost is obtained based on the models previously described. By comparing 
these predicted parameters with the real parameter measured in the field, it 
is possible to know if the road is performing according to expectations. In 
this part, it is important to clarify the behavior, distress and performance 
concepts. Behavior can be defined as the immediate response of the pavement 
to load and is measured by the load-deflection testing methods, such as 
Benkelman beam, Dynaflect, Falling Weight Deflectometer, etc. Distress can 
be defined as damage in the pavement, which is monitored and evaluated by 
means of condition surveys. Performance has been traditionally defined as 
the serviceability history of the pavement and implies a time-related 
accumulation of data. The remaining monitoring parameters (traffic and cost) 
are self explanatory. 
The decision criteria make up the fourth component of the Pavement 
Management System. These criteria relate constraints of performance, safety, 
cost, and resources that are developed in accordance with policies, 
objectives, and commitments of the agency responsible for the road system. 
As may be concluded from Fig 1.2, the models playa very important role 
within any Pavement Management System, in such a way that the more accurate 
the model, the more successful the entire system. During the trial 
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Fig 1.3. Triple failure criteria for aggregate surfaced road as implement-
ed in PDMS. 
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1977, the program users commented on the results of the PDMS models, 
comparing them with their previous engineering experience. It was found that 
most agreed with the results from PDMS when bituminous surfaces were being 
considered. However, it was widely felt that the models for aggregate 
surfaced roads were inadequate, and that they frequently produced overly 
conservative designs. Because of the worldwide lack of information about 
aggregate surfaced and unsurfaced roads, there is no way to improve these 
models in PDMS until a data base is developed. 
THE NEED FOR A PDMS DATA BASE 
Previous sections of this chapter described the importance of good 
performance models in a pavement management system. Also mentioned was the 
fact that the Forest Service Road System is unlike any other in the world, 
and that pavement design and management methodologies developed by other 
transportation agencies will not be adequate for the Forest Service. 
Considering the magnitude of the Forest Service road investment, or only 
the annual road maintenance expenditures, it is apparent that even a small 
improvement in Forest Service pavement management would result in savings of 
many millions of dollars annually. To do this, it will be necessary for the 
Forest Service to develop its own methodologies for roadway structure design 
and management, and this can only be accomplished through the systematic 
collection and analysis of performance data on on Forest Service roads. 
For the Forest Service, a data base of information gathered from 
selected road sections is preferred over other methods of data collection, 
such as a specially built test road. This is due to the fact that 
environment and topography can vary to great extremes on Forest Service 
roads, even within a close geographic area. A special test road, because of 
the inability to modify environment and topography, would give very little 
insight as to the effect of these important variables on forest road 
performance. A selection of road sections that occur naturally under 
different conditions, however, can be designed to supply information 
concerning the most important variables affecting road performance. 
The proposed PDMS data base should include data from all aspects of 
pavement performance, and be able to process, store, retrieve and analyze 
information in such a way that it can be used efficiently, quickly, and 
economically. The information collected should also be comprehensive and 
reliable. The relationship between the data base and different pavement 
activities is shown in Fig 1.4. Many types of data bases are available (Ref 
13), but the one that seems to be the most appropriate for the use of the 
Forest Service is called the integrated computer system. In this system, the 
user has the capacity to ask questions and has access to other data files 
through common indexing schemes. This system is recommended in view of the 
computer hardware available to the Forest Service. Figure 1., represents the 
general functional nature of an operating data base. 
11 













Fig 1.5. General functional nature of a pavement data base in operation 
(Ref 15). 
A data base can be simple in concept, but comprehensive in scope, and it 
should include the following aspects: (1) proposed use of the data, (2) 
data collection, (3) organization and process of data, (4) data storage, (5) 
data retrieval, and (6) data analysis. Past experience has shown that it is 
very easy to underestimate the effort required to institute and maintain a 
comprehensive data system of this sort. Kaviel and Rutka (Ref 14) have 
described the major steps required to develop and implement a pavement data 
base. This procedure is shown in Fig 1.6, which is relatively self 
explanatory. One point should be emphasized, i.e., Step 4: discussion with, 
and feedback from, all data suppliers. This is one of the most important 
steps to successful implementation, since the ultimate use of the system 
depends on them. Periodic review of the data system should be considered 
carefully, to ensure that it meets the changing needs of the agency and 
users. 
Staged implementation is desirable for pavement management systems and 
has been followed in Texas and Canada (Ref 14 and 15). This permits the 
s.ystem to be developed on a need basis and reduces the possibility of 
extraneous data being collected. 
OBJECTIVES AND SCOPE OF THE STUDY 
The objective of this study is to perform a feasibility study of a data 
base, to be used in a direct relationship with the Pavement Design and 
Management System (PDMS). This data base will be related primarily to road 
surfacing design and performance and will be used to improve design 
methodologies and maintenance planning. 
In detail, this study will include the following items: (1) 
identification and selection of the variables to be included in a data base, 
(2) review of the present practice of data collection, (3) development of a 
sampling plan for the systematic collection of data, (4) review of the 
formats and operational guides for collecting information, (5) development of 
a plan for a pilot study, and (6) development of long term management plans 
for the data base system, based on three funding levels of effort--low, 
medium, and high. 
SCOPE OF REPORT 
Information related to Forest Service roads in terms of type of road, 
mileage, structural characteristics, materials, traffic, topographic and 
environmental factors, as well as material testing methods and traffic 
measuring systems, was collected by means of the "Forest Characterization 
Questionnaire." The results of this survey and the methodology adopted are 
described in Chapter 2. Chapter 3 presents the sources of information 
considered in order to identify and select the variables that should be 
included in the data base. The most common methods for measuring dependent 
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Fig 1.6. Major steps in developing and implementing a pavement data 
base (Ref 15). 
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and independent variables are described respectively in Chapter 4 and Chapter 
5. In Chapter 6, the design of the data collection experiment is presented, 
proposing several alternatives. General recommendations for performing a 
¢lot study are presented in the last part of the sixth chapter. In Chapter 
7, the conclusions and recommendations derived from this feasibility study 
are provided. Detailed documentation on specific topics and on some 






















CHAPTER 2. FOREST CHARACTERIZATION QUESTIONNAIRE 
In order to develop a complete and adequate data collection plan, a 
"Forest Characterization Questionnaire" was prepared and sent to all of the 
National Forests through the regional offices of the U.S. Forest Service. 
This questionnaire attempted to characterize the forests in terms of road 
mileage and type of surface, structural characteristics of the pavement, 
(number of layers and thicknesses), type of materials (subgrade and 
cggregates), traffic (type of vehicles and levelS! of ADT), topographic and 
environmental parameters, as well as testing materials methods and traffic 
measuring systems. 
In the first part of this chapter, background information on this 
questionnaire is provided as well as on the general response to this survey. 
The second part of this chapter deals with the summary of the data. Special 
emphasis is placed on the summary and analysis of the information at a 
national leveL 
BACKGROUND 
The questionnaire consisted of thirteen questions and is presented in 
Appendix A, as Fig A.1. Table A.1 is the list of the national forests 
considered, which was obtained from the Forest Service Organizational 
Directory (Ref 16). According to this guide, 140 questionnaires were 
distributed among the nine regions of the Forest Service. In many cases, two 
or more National forests are managed by the same office. Thus, the number of 
questionnaires mailed is not the same as the number of forests. The 
questionnaires were sent on April 17, 1980. 
Of the 140 questionnaires sent to the Forest Service offices, 116 
completed questionnaires were returned, representing a very positive 83 
percent of the possible replies. The first completed questionnaire was 
received on May 12, 1980 and the last one on September 14, 1980. Of the nine 
Forest Service regions, only the Northern Region (Region 1), and the Alaskan 
Region (Region 10), returned all the questionnaires sent, as shown in Table 
2.1. 
A list of the national forests providing the requested information is 
also shown in Table A.1 of Appendix A. In order to process the information 
contained in the questionnaires, a computer program was developed and the 
information saved on a special tape. Due to the variety in answers provided 
for some questions, i.e., Nos. 3, 4, 5, 9, and 12, a summary list for each 
question was prepared so that all the possible answers were coded and 
17 
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TABLE 2. 1. RELATIONSHIP OF COMPLETED "FOREST CHARACTERIZATION 
QUESTIONNAIRES" BY REGION 
Region No. of Questionnaires Percentage 
No. Name Sent Completed Completed 
1 Northern 13 13 100 
2 Rocky Mountain 12 11 92 
3 Southwestern 11 9 82 
4 Intermountain 16 10 63 
5 Pacific Southwest 17 16 94 
6 Pacific Northwest 19 18 95 
8 Southern 34 23 68 
9 Eastern 14 12 86 
10 Alaska 4 4 100 
Total 140 116 83% 
19 
classified in groups. The codes and summary lists for each question are 
Shown in Appendix A, e.g., No.4 on question 3 is the code for silty gravels. 
Substantial work could have been avoided if an answer coding system had been 
provided for questions 3, 4, and 12 (i.e., answering question 3 in terms of 
the unified soil classification system or question number 12 in terms of 
flat, (0-15 percent side slope), gently rolling to hills (15-30 percent), 
mountainous (30-50 percent) or steep mountainous (+50 percent). 
Unfortunately, the complete range of conditions was not available until all 
the data were received. The widest range of answers corresponded to question 
NJ. 13 (environmental conditions) which varied from "humid hot summers" to 
ranges of precipitation and temperatures. Based on this, it was decided to 
characterize the national forests, environmentally speaking, in terms of 
"mean annual precipitation" and "heating degree days." Heating degree days 
are the number of degrees the daily average temperature is below 65 degrees, 
and may be determined by subtracting the average daily temperature below 65 
degrees from the base 65 degrees to acquire a number applicable to the period 




HDD Heating degree days per year, 
DAT Daily average temperature below 65 degrees F., 
n Number of days with a daily average temperature 
below 65 degrees. 
Eq.2.1 
As may be inferred from Eq 2.1, the higher the heating degree days 
value, the colder the location. This information was obtained from the 
"Climatic Atlas of the United States," (Ref 17), for each national forest as 
presented in Table A.l, of Appendix A. 
SUMMARY OF DATA 
The information from the "Forest Characterization Questionnaire", 
(FCQ), was summarized in fourteen tables as listed in Table 2.2. One set of 
tables was obtained for each region, and one for the national road network. 
These tables contain only information received, and no adjustment factor was 
used to extrapolate from 83 percent of the questionnaires to 100 percent. 
The relation between the tables and the questions of the FCQ is shown in 
Table A.l0, Appendix A. 
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6. Available Records on the Number of Layers and Thicknesses of As-Built 
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10. Typical Subgrade Materials 
11. Typical Aggregate Materials 
12. Testing Methods Most Used to Evaluate the Strength of Subgrade and 
Aggregate Materials 
13. Topographic Conditions 
14. Environmental Factors 
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To evaluate the importance of each factor, regular or weighted 
percentages were generally obtained based on the number of miles reporting 
that factor. Such criterion has been named a "miles criterion." The 
evaluation was also performed using the number of lane miles reporting the 
factor. The results obtained in each case were similar, as may be checked in 
the National Summary presented in Appendix B. A third criterion used in 
judging the significance of specific factors was the simple count of the 
forests reporting this factor and obtaining the appropriate percentages. 
Table 2.3 lists the criteria used for each summary table. The same criteria 
were applied to the Regional and National Summary Tables. 
National Summary 
As may be seen in Appendix B, the information reported by each forest is 
provided in all of the National Summary Tables. This makes the tables rich 
in detail, but difficult to analyze. For this reason, a National Summary 
detailed by region, and not by forest, is presented and briefly discussed in 
the following pages. The Regional Summaries have been edited in a specia1 
compendium to this report (Ref 74). 
National Summary Table 1. Clasification of the Roads by ~ of 
Surface. In this table, the U.S. Forest Service Roads are classified in 
four groups based on the surface type, (asphalt concrete, surface treatment, 
aggregate and unsurfaced), as shown in Table 2.4. The results, based on a 
"miles" criterion, indicate that almost 68 percent of the Forest Service 
roads are unsurfaced roads, 28 percent are aggregate surfaced roads, and less 
than 5 percent are asphalt concrete or surface treatment roads. 
In analyzing the distribution of the roads by region, (extreme right 
column), it is realized that almost 30 percent of the Forest Service roads 
are located in Region 6; Region 5 has the second largest Forest Service road 
network with 16.2 percent of the roads, and Region 1 is third with 12.9 
percent of the roads. Note also that Region 6 has almost 50 percent of the 
total miles of the Forest Service aggregate surfaced roads, a figure that is 
almost five times the number of miles for Region 5, second in this aspect. 
In Addition, note the use of surface treatment roads in Region 5, which has 
more than 60 percent of the national surface treatment total. Finally, 
together Region 6 and Region 5 manage 66 percent of the Forest Service 
asphalt concrete surface roads. 
From the detailed National Summary Table 1, Appendix B, the three 
National Forests with the largest road network are: Deschutes N.F. (number 
70), Freemont N.F. (number 71), and Willamette N.F. (number 81), with 9760, 
8410, and 6710 miles respectively. These three are in Region 6 and represent 
3.9, 3.4, and 2.7 percent respectively of the national road network. The 
Ouachita N.F. (number 93), located in Region 8 is fourth with 6659 miles. 
Comparing on the basis of the aggregate surfaced roads, the situation 
changes, since the Willamette N.F. has the largest aggregate surfaced road 
network, with 5800 miles; in second place is the Umpqua N.F. (number 79), 
with 2892 miles; third place is shared by Gifford Pinchot N.F. (number 84), 
and Klamath N.F. (number 57), with 2600 miles each. The first three national 
forests are located in Region 6, and the fourth one in Region 5. 
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TABLE 2.3. EVALUATION CRITERIA USED IN THE DEVELOPMENT OF THE FOREST 




Number Miles Lane-Miles Forests 
1 x x 
2 x 







lO x x x 
11 x x x 
12 x x x 
13 x x 














































































































































































































































































































































































































































































































National Summary Table ~ Classification of the Roads El. the Number of 
Lanes. In the second National Summary Table, presented in Table 2.5, the 
Forest Service roads are classified in one-lane roads and two-lane roads. 
Two facts deserve to be commented on. First, the national distribution shows 
~.1 percent of the Forest Service roads are one-lane roads and only 8.9 
percent are two-lane roads. Second, it may be observed that the distribution 
in almost all the regions follows a general trend, with the exception of 
Region 9, where almost three-fourths of the roads are one-lane roads and only 
one-fourth are two lane roads. 
National Summary Table 3. Classification of the Aggregate Surfaced 
Roads by the Number of Layers. This table presents the classification of 
the aggregate surfaced ~ads based on the number of pavement layers. The 
percentages of the aggregate surfaced roads with one layer and two layers for 
each region, using a length criterion, are shown in Table 2.6. The results 
indicate that, at a national level, 77.6 percent of the aggregate surfaced 
roads are considered as one-layer roads and, the remaining 22.4 percent, as 
two layer roads. A uniform tendency is observed in all the regions, with the 
exception of Region 6, where 62.7 percent and 37.3 percent of the aggregate 
surfaced roads are classified as one-layer and two-layer roads, respectively. 
It is also noted that Region 10, (Alaska), does not have two layer aggregate 
surfaced roads. 
National Summary Table 4. Classification of the One-Layer Aggregate 
Roads ~ the Layer Thickness. This summary table may be considered as an 
extension of the Summary Table 3, and classifies the one-layer aggregate 
surfaced roads by layer thickness in five groups, shown in Table 2.7. The 
national distribution indicates that the most extensive layer thickness for 
this type of road is between 4 and 8 in., representing 54.2 percent of the 
ane layer aggregate surfaced roads, 29.2 percent of these roads have a layer 
thickness less than 4 inches; 12.6 percent between 8 and 12 inches; 2.6 
percent between 12 and 16 inches, and only 1.3 percent of them have a layer 
thickness greater than 16 inches. It may be noted that 83.4 percent of the 
ane-Iayer aggregate surfaced roads have a layer thickness less than 8 inches. 
Region 6 is the only region that has roads in all of the five layer-thickness 
groups, and Region 2, only in two groups. Another fact to recognize is that 
in Region 10, more than 75 percent of the aggregate surfaced roads have layer 
thickness greater than 16 inches. 
National Summary Table 5. Classification of the Two-Layer Aggregate 
Surfaced Roads ~ the Layer Thicknesses. The National Summary Table 5 
presents the classification of the two-layer aggregate surfaced roads taking 
into account the thickness of the base and surface layers. From Table 2.8.a, 
it may be seen that the most common base thickness is between 4 and 8 inches, 
and that more than 80 percent of the two-layer aggregate surfaced roads have 
a base thickness less than 12 inches. 
From Table 2.8.b, the most common surface layer thickness is less than 4 
inches, and almost 90 percent of the two-layer aggregate surfaced roads have 
a surface thickness less than 8 inches. Thus, the typical 
layer-thicknesses-combination would be a base between 4 and 8 inches and a 
surface layer less than 4 inches thick. 
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TABLE 2.5. NATIONAL SUMMARY TABLE 2 (BY REGION)~ CLASSIFICATION OF THE U.S. 
FOREST SERVICE ROADS BY THE NUMBER OF LANES 
Percentage Percentage 
Region One-Lane Two-Lane 
1 94.2 5.8 
2 87.2 12.8 
3 89.0 11.0 
4 81.7 18.3 
5 87.0 13.0 
6 96.7 3.3 
8 95.9 4.1 
9 75.5 24.5 
10 98.8 1.2 
National 
. ClassificatiOn 91.1 8.9 
(%) 
Note: The percentages refer to the total number 
of miles in each region. 
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TABLE 2.6. NATIONAL SUMMARY TABLE 3 (BY REGION): CLASSIFICATION OF THE AG-
GREGATE SURFACED ROADS BY THE NUMBER OF LAYERS 
Percent Percent 
Region One-Layer Two-LaJ;:er 
1 90.2 9.8 
2 90.5 9.5 
3 89.6 10.4 
4 92.0 8.0 
5 88.0 12.0 
6 62.7 37.3 
8 96.3 3.7 
9 91.9 8.1 
10 100.0 0.0 
National 
Classification 
( %) 77 .6 22.4 
Note: The percentages refer to the total number of 
miles in each region. 
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TABLE 2.7. NATIONAL SUMMARY TABLE 4 (BY REGION): CLASSIFICATION OF THE ONE-
LAYER AGGREGATE SURFACED ROADS BY THE LAYER THICKNESS 
Layer Thickness (inches) 
Region 0-4 4 - 8 8 - 12 12 - 16 +16 
1 52.3 40.0 6.1 1.6 0.0 
2 49.7 50.3 0.0 0.0 0.0 
3 79.9 19.2 0.9 0.0 0.0 
4 38.3 59.0 2.7 0.0 0.0 
5 7.6 82.4 10.0 0.0 0.0 
6 14.0 53.4 25.2 6.1 1.3 
8 62.3 37.5 0.2 0.0 0.0 
9 12.9 85.5 1.2 0.4 0.0 
10 14.7 9.6 0.0 0.0 75.7 
National 29.2 54.2 12.6 2.6 1.3 
Classification 
(%) 
Note: The percentages refer to the total number of miles in 
each region. 
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TABLE 2.8.a. NATIONAL SUMMARY TABLE 5 (BY REGION): CLASSIFICATION OF THE 
TWO-LAYER AGGREGATE SURFACED ROADS BY THE BASE LAYER THICKNESS 
Base Layer Thickness (Inches) 
Region 0-4 4 - 8 8 - 12 12 - 16 + 16 
1 11.8 21.3 47.8 11.2 7.9 
2 49.7 50.3 0.0 0.0 0.0 
3 69.4 30.6 0.0 0.0 0.0 
4 1.1 98.9 0.0 0.0 0.0 
5 83.7 11.9 2.2 2.2 0.0 
6 6.8 44.4 28.7 16.8 3.3 
8 21.1 78.9 0.0 0.0 0.0 
9 66.7 27.2 4.9 1.2 0.0 
10 0.0 0.0 0.0 0.0 0.0 
National 
Classifi-
cation (%) 15.3 41.5 25.9 14.3 3.0 
Note: The percentages refer to the total number of miles in 
each region. 
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TABLE 2.8. b. NATIONAL SUMMARY TABLE 5 (BY REGION): CLASSIFICATION OF THE 
TWO LAYER AGGREGATE SURFACED ROADS BY THE BASE LAYER THICKNESS 
Surface Layer Thickness (Inches) 
Region 0-4 4 - 8 8 - 12 12 - 16 + 16 
1 67.2 32.8 0.0 0.0 0.0 
2 98.8 1.2 0.0 0.0 0.0 
3 76.7 23.3 0.0 0.0 0.0 
4 47.3 52.7 0.0 0.0 0.0 
5 85.6 12.1 2.3 0.0 0.0 
6 46.5 39.2 13.8 0.5 0.0 
8 32.9 67.1 0.0 0.0 0.0 
9 88.1 11.9 0.0 0.0 0.0 
10 0.0 0.0 0.0 0.0 0.0 
National 
Classifi-
cation (%) 52.2 36.1 11.3 0.4 0.0 
Note: The percentages refer to the total number of miles in 
each region. 
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National Summary Table ~ Available Records on the Number of Layers and 
Thicknesses of As-Built Aggregate Surfaced Roads. -. -The purpose of requesting 
the information presented in this table was to obtain a general idea of 
forests having layer-thickness records, thus assisting in locating the final 
test sections. Table 2.9 presents the National Summary Table 6, showing the 
percentage of aggregate surfaced roads in each forest having layer thickness 
records. The national results indicate that in almost 30 percent of the 
forests, (33/113), the records cover between 75 percent and 100 percent of 
the miles of aggregate surfaced roads, and that in 37 percent of the forests, 
(42/113), no records are kept at all. 
National Summary Table 7. Levels of ADT on the Aggregate Surfaced 
Roads. This table, which is one of the most valuable from the project 
standpoint, contains the distribution of the aggregate surfaced roads in five 
levels of average daily traffic, (ADT) , and is illustrated in Table 2.10. 
This distribution was obtained using a length criterion. 
The results indicate that for 69 percent of the aggregate surfaced 
roads, the ADT is less than 50 vehicles per day, and that in almost 90 
percent of these roads, it is less than 100 vehicles per day. These facts 
redefine the U.S. Forest Service road network as a typical low-volume road 
~stem. The same general tendency may be observed in all the regions. 
National Summary Table ~ Systems Used ~ Measure Traffic in Aggregate 
Surfaced Roads. An important complement for the average daily traffic 
information, are the data provided in this table which classify the traffic 
in terms of the gross vehicle weight. Table 2.11 shows the percentage of the 
traffic, in each region, and for each of the gross vehicle weight groups. 
'!Wo major groups are easily identified. The group designated as "passenger 
cars and pick-ups" represents 62 percent of the traffic on Forest Service 
Roads, at a national level. The second group is that with a GVW between 30-
and 100-kips, and represents 27 percent of the traffic on Forest Service 
roads. A great variability exists from one region to another, and it is 
important to note that 72 percent of the traffic using the Forest Service 
roads in Region 10 have a GVw between 100 and 200 kips. The distributions 
presented in this table were obtained using a length criterion. 
National Summary Table ~ Systems Used to Measure Traffic in Aggregate 
Surfaced Roads. The most common systems used in the Forest Service for 
measuring traffic on aggregate surfaced roads, specifically the number of 
applications, have been compiled in the Summary Table 9, illustrated in Table 
2.12. Nine systems have been identified, and the significance of each of 
them has been evaluated based on the covered miles of aggregate surfaced 
roads. Some Forests reported using more than one system, but in the 
computations only the most extensive system was considered. 
From Table 2.12, it may be noted that for a total of 68,740 miles of 
aggregate surfaced roads only, 31.64 percent receives regular traffic 
monitoring. The most accepted method is based on the use of inductive loops, 
Which are used in 3.5 percent of the aggregate surfaced roads. The group 
"traffic counters general" includes inductive loops, electronic, pneumatic, 
and magnetic counters, but, unfortunately, many times the information was not 
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TABLE 2.9. NATIONAL SUMMARY TABLE 6 (BY REGION): AVAILABLE RECORDS ON THE 
NUMBER OF LAYERS AND THICKNESSES OF AS-BUILT AGGREGATE SURFACE V 
ROADS (NUMBER OF FORESTS) 
Percentage of Aggregate Surface Roads Covered 
Region 100 - 75 75 - 25 25 - 0 None 
1 4 3 2 4 
2 6 1 1 3 
3 5 1 2 1 
4 3 0 3 4 
5 2 2 3 9 
6 8 3 3 4 
8 0 6 2 12 
9 3 3 3 3 
10 2 0 0 2 
Total 
Number of 
Forests 33 19 19 42 
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TABLE 2.10. NATIONAL SUMMARY TABLE 7 (BY REGION)! LEVELS OF ADT ON THE 
AGGREGA TE SURFACED ROADS 
ADT Both Directions 
Region o - 50 50-100 100-200 200-400 +400 
1 56 28 10 3 3 
2 39 29 21 7 4 
3 81 14 5 0 0 
4 53 25 13 9 0 
5 70 16 11 3 0 
6 72 19 6 2 1 
8 84 11 3 1 1 
9 81 15 4 0 0 
10 76 18 6 0 0 
National 
(%) 70 19 8 2 1 
Note: The percentages refer to the total number of miles in each 
region. 
TABLE 2.11. NATIONAL SUMMARY TABLE 8 (BY REGION)! CLASSIFICATION OF THE 
TRAFFIC BY GROSS VEHICLE WEIGHT 
Gross Vehicle Weight (kips) 
Pass. Cars 
Region & Pick-Ups 10 - 30 30 - 100 100-200 
1 57 12 30 1 
2 75 5 19 1 
3 77 6 15 2 
4 67 13 20 0 
5 47 5 40 8 
6 64 6 29 1 
8 67 10 21 1 
9 71 8 20 1 
10 16 1 11 72 
National 63 7 27 3 
(%) 











































































































































































































































































































































































































































































































































































































































provided with that detail. However, the available information is a good use 
indicator of the traffic measuring systems in the U.S. Forest Service. 
National Summary Table 10. Typical Subgrade Materials. When designing 
any pavement, the type and properties of the subgrade material will 
considerably affect the final output. Because of this, and in order to 
develop a valid and realistic data base, the names of the typical subgrade 
materials in each of the forests was requested. The answers have been 
summarized in twenty-six groups as shown in Table 2.13 and have also been 
evaluated in order to find the significant materials within the 
~S. Forest Service road network. The evaluation was performed by applying 
tl1ree different criteria: the number of forests, the "miles", and the 
"lane-miles" criteria as explained before. Table 2.13 shows the results 
using the "number of forests" criteria. From this table it may be noted that 
the five most important subgrade materials are: rock (no 25), gravel, 
general (no 1 )*, clay, general (no 10), silty sand (no 9) and sand, general 
(no 6). The results obtained by using the "miles" and and "lane-miles" 
criteria indicate very similar results. Table 2.14 presents the most 
important subgrade materials for each of the three criteria. This 
information is a very valuable guide in proposing a data collection 
experiment, as well as in future research. 
As may be noted in Table 2.13, there are groups of materials called 
"general". These groups are: gravel, general (no 1), sand, general (no 6), 
clay, general (no 10), silt, general (no 14), and loam, general (no 18). 
This classification system was adopted because many times the information in 
the questionnaire was provided in both a general manner and a detailed one. 
It was usual to fi'nd the subgrade material defined as "gravel", and other 
times as "sandy gravel" or "clayey gravel." In order to get information as 
detailed as possible, it was decided to develop the "general groups", and at 
the same time to gather detailed information by using particular groups. 
Based on this, the information provided in Table 2.13 may be summarized 
in eight groups as showed in Table 2.15. To obtain these new groups, all the 
percentages for any particular material were considered in the correspondent 
general group, (i.e., in the case of the gravels, the results for the 
materials 1 ,2,3,4, and 5 are included in the group "gravel general"). In 
Table 2.15 the information is summarized using the three criteria previously 
described. The new percentages were obtained eliminating the group no 26, 
"inf. not available or not sufficient." 
National Summary Table ~ Typical Aggregate Materials. The previous 
comments for the Summary Table 10 all apply for this table. Table 2.16 shows 
the thirty-one groups of aggregate materials and the significance of each of 
them, based on the number of national forests reporting each material. It 
*In using this criterion, the number of miles reported in each forest was 
divided by the number of typical subgrade material reported. The same 
applies for the "lane-miles" criterion. 
*The number in parentheses indicates the subgrade material code. 
36 
TABLE 2.13. NATIONAL SUMMARY TABLE 10: TYPICAL SUBGRADE MATERIALS 
Typical Subgrade Material No. of Perc. of 
NF with NF with 
No. Name This Mat. This Mat. 
1 Gravels, general 29 25.66 
2 Sandy gravel 4 3.54 
3 Clayey gravel 4 3.54 
4 Silty gravel 10 8.85 
5 A11uvimn 3 2.65 
6 Sand, general 18 15.93 
7 Gravelly sand 6 5.31 
8 Clayey sand 7 6.19 
9 Silty sand 19 16.81 
10 Clay, general 24 21.24 
11 Clay, low compressibility 15 13.27 
12 Clay, high compressibility 6 5.31 
13 Clay, shale 7 6.19 
14 Silt, general 17 15.04 
15 Silt, low compressibility 17 15.04 
16 Silt, high compressibility 7 6.19 
17 Organic silts 1 .88 
18 Loams, general 5 4.42 
19 Sandy Loams 5 4.42 
20 Clay Loams 6 5.31 
21 Silt Loams 5 4.42 
22 Volcanic materials 7 6.19 
23 Organic materials 7 6.19 
24 Weathered rock 8 7.08 
25 Rock 44 38.94 
26 Information not avail-
able or DQt sufficient 2 1.77 
TABLE 2.14. FIVE MOST POPULAR SUBGRADE MATERIALS IN THE FOREST SERVICE Ri;~ 
GIONS BASED ON THREE EVALUATION CRITERIA 
Criteria 
Rank Number of Forests Miles Lane-Miles 
1 Rock (25)* Rock (25) Rock (25) 
2 Gravel, general (1) Silty sand (9) Silty sand (9) 
3 Clay, general (10) Gravel ,general (1) Gravel. general (1) 
4 Silty sand (9) C1ay,genera1 (10) Clay, general (10) 
5 San~ general (6) Sand, general (6) Sand, general (6) 
*The number in parentheses refers to the material code. 
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TABLE 2.15. CLASSIFICATION OF THE SUBGRADE MATERIALS IN EIGHT GENERAL 
GROUPS AND ACCORDING TO TWO EVALUATION CRITERIA 
Criteria 
Percentage Percentage 
of NF of Miles 
Material with this with this 
Group Material Material 
Gravel, general 45.1 14.2 
Sand, general 45.1 17.5 
Clay, general 46.9 12.3 
Sil t, general 37.9 12.8 
Loams, gener al 18.9 8.5 
Volcanic materials 6.3 4.1 
Organic materials 6.3 1.1 
Rock 46.9 29.5 
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TABLE 2.16. NATIONAL SUMMARY TABLE 11: TYPICAL AGGREGATE MATERIALS 
Typical Aggregate Material 
No. Name 
1 Natural deposits 
2 Volcanic materials 
3 Weathered rock 
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may be seen that the three most important types of 
this table are: natural deposits (1), limestone 
evaluation of the six most important aggregate 
Service roads, using the three criteria previously 
'l8ble 2.17. 
aggregates according to 
(22), and basalt (9). The 
materials in the Forest 
mentioned, is presented in 
The materials presented in Table 2.16 may be grouped in six major groups 
as shown in Table 2.18. The percentages of miles for each group were 
obtained by omitting the material "crushed stone not specified" (No 30), as 
Tiiell as by omitting the percentage when the information was "not available or 
not sufficient" (No 31). 
National Summary Table 12. Testing Methods Most Used to Evaluate the 
Strength of Subgrade and Aggregate Materials. With the idea of acquiring 
information on the procedures commonly used in the Forest Service for 
collecting technical data, information on the traditional methods used to 
evaluate the strength of the subgrade and aggregate materials was requested. 
The detailed results of this survey are presented in the National Summary 
Table 12, Appendix B, which has been divided into three parts: (1) a list 
of the methods used in each of the National Forests; (2) a quantification of 
the most common methods in evaluating the strength of the subgrade materials, 
based on a triple criterion; and (3) a quantification of the most common 
methods used to evaluate the strength of the aggregates, based on the same 
triple criteria. 
Table 2.19 presents the ten methods generally used to evaluate the 
strength of the subgrade materials, using two different criteria: the number 
of forests reporting each method and the equivalent miles for each method. 
Note from this figure that the use of the CBR method is quite common in the 
Forest Service. 
In a similar manner, Table 2.20 presents the aggregate materials testing 
methods. Note, the "Los Angeles Abrasion" test is generally preferred, with 
the CBR method being second choice. 
National Summary Table ~ Topographic Conditions. In this table, the 
U.S. Forest Service roads have been classified in four groups based on their 
topographic characteristics. Four topographic conditions were identified as 
follows: flat, gently rolling to hilly, mountainous and steep mountainous, 
characterized by a side slope range of 0-15 percent, 15-30 percent, 30-50 
percent and more than 50 percent, respectively. It was necessary to 
implement a fifth group due to the lack of information provided in the 
questionnaires. Percentages for each of these groups were provided, and 
based on the number of miles for each forest, a weighted regional and 
national distribution was obtained, as illustrated in Table 2.21. The 
national distribution indicates that more than 40 percent of the Forest 
Service road network is located in a mountainous condition, 15 percent in a 
steep mountainous condition; 16 percent and 18 percent in flat and gently 
rolling to hilly conditions respectively. Information for 7 percent of the 
road network was not available. 
TABLE 2.17. SIX MOST POPULAR AGGREGATE MATERIALS IN THE FOREST SERVICE 
REGIONS BASED ON THREE EVALUATION CRITERIA 
Criteria 
Rank Number of Forests Miles Lane-Miles 
1 Natural deposits (1) Basalt (9) Natural deposits (1) 
2 Limestone (22) Natural depOsits (1) Basalt (9) 
3 Basalt (9) Limestone (22) Limestone (22) 
4 Granite (8) Granite (8) Granite (8) 
5 Andesite (7) Volcanic mats (2) Volcanic mats (2) 
6 Quartzite (15) Andesite (7) Andesite (7) 
Note: The number in parentheses refers to the material code. 
41 
42 
TABLE 2.18. CLASSIFICATION OF THE AGGREGATE MATERIALS IN SIX GENERAL GROUPS 
AND ACCORDING TO TWO EVALUATION CRITERIA 
Criteria 
Percentage Percentage 
of NF with of Miles 
Material this Mate- with this 
Group rial Material 
Natural deposits 38.0 16.5 
Volcanic Locks,gen- 83.1 43.0 
era1 
Metamorphic rocks, 29.1 11.0 
general 
Sedimentary rocks, 49.5 20.2 
general 
Weathered r.ock 0.8 0.9 
Volcanic materials 10.6 8.4 
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TABLE 2.19. NATIONAL SUMMARY TABLE 12~ QUANTIFICATION OF THE MOST USED SUB-
GRADE MATERIALS TESTING METHODS USING TWO CRITERIA 
Testing Method Number of Percentage Equivalent Percentage 
NF Using NF Using Miles Miles Us-
No. Name the Method the Method Using this ing This 
1 R. Value 17 15.04 43,521.00 .17.55 
2 C.B.R. 59 52.21 146,060.70 58.91 
3 Density Measurements 10 8.85 16,462.20 6.64 
4 Moisture Measurement 0 0.00 0.00 0.00 
5 Hveem Stabi10meter 4 3.54 6,960.70 2.81 
6 Sieve Analysis 0 0.00 0.00 0.00 
7 Field Evaluation 4 3.54 6,184.00 2.49 
8 SS Using PI and -200 1 .88 2,964.00 1.20 
9 None 16 14.16 16,088.50 6.49 
10 AASHTO Methods General 2 1.77 9,694.00 3.91 
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TABLE 2.20. NATIONAL SUMMARY TABLE 12: QUANTIFICATION OF THE MOST USED AG-
GREGATE MATERIALS TESTING METHODS USING TWO CRITERIA 
Equivalent Percentage 
Testing Method Number of Percentage Miles Miles 
NF Using NF Using Using This Using This 
No. Name the Method the Method Method Method 
1 Los Angeles Abrasion 43 38.05 110,523.00 44.58 
2 Durability or Degradation 6 5.31 16,997.60 6.86 
3 Plastic Fines in G. A. 1 .88 2,327.00 .94 
4 R. Value 5 4.42 17,675.10 7.13 
5 C. B. R. 17 15.04 30,572.10 12.33 
6 Density Tests 8 7.08 12,256.90 4.94 
7 Specific Gravity 0 0.00 0.00 0.00 
8 Atterberg Limits Test 1 .88 6,710.00 2.71 
9 Gradation Test 2 1.77 3,721. 00 1.50 
10 Hveem Stabi10meter 2 1.77 3,078.40 1.24 
11 Sodium Sulfate Sound. 1 .88 1,696.00 .68 
12 l-iisce11aneous Methods 4 3.54 8,217.00 3.31 
13 None 20 17.70 20,145.00 8.13 
14 AASHTO Methods General 3 2.65 14,016.00 5.65 
TABLE 2.21. NATIONAL SUMMARY TABLE 13 (BY REGION)': TOPOGRAPHIC CONDITIONS 
(PERCENTAGE OF MILES) 
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Topographic Condition Information 
Flat Gen. Roll. to Mountainous Steep Mountainous Not Available 
Region (0-15%) Hilly (15-30%) (30-50%) (+50%) or Useful 
1 3.2 4.4 56.0 8.6 27.8 
2 13 .9 23.1 25.7 16.3 21.0 
3 14.2 16.0 55.2 14.6 0.0 
4 20.3 14.6 25.4 19.9 19.8 
5 17.1 19.9 40.0 23.0 0.0 
6 13.7 22.3 46.6 17 .4 0.0 
8 21.8 22.9 51.5 3.8 0.0 
9 52.4 29.3 13.0 4.5 0.8 
10 21.8 0.0 23.6 54.6 0.0 
Nation-
al 
(%) 16.3 18.8 42.7 15.2 7.0 
Note: The percentages refer to the total number of miles in each region. 
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If this 7 percent is not considered and then a new distribution is 
obtained considering only the four groups of topographic conditions, the 
national distribution would be as follows: 
Flat 








National Summary Table 14. Environmental Factors. This table, 
containing environmental information, may be divided into two parts. The 
first part presents precipitation data in terms of annual mean precipitation. 
The second part presents temperature data in terms of heating degree days. 
Ranges of precipitation and heating degree days were established forming 
fourteen precipitation groups and eleven heating degree days groups. The 
significance of each group was evaluated by means of two criteria: number of 
forests in each precipitation or heating degree days group and the 
corresponding miles in each group. The results obtained by the two criteria 
are consistent. 
With regards to the precipitation information (Table 2.22), it may be 
seen that the most common precipitation range is between 16-20 inches per 
year, this range is characteristic of almost one fourth of the national 
forests. The second and third most important precipitation groups are 41-50 
inches per year and 11-15 inches per year, respectively. It may also be 
seen that more than 80 percent of the national forests have an annual mean 
precipitation of less than 50 inches and almost 60 percent of the forests 
less than 30 inches per year. 
The heating degree days computations (Table 2.23) indicate four 
predominant groups headed by the group No 8 (between 7001 to 8000 heating 
degree days). The remaining three groups are: 5001 through 6000, 6001 
through 7000 and 8001 through 9000, respectively. Only 8.8 percent of the 
forests have more than 9001 heating degree days. 
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TABLE 2.22. NATIONAL SUMMARY TABLE 14 ~ ENVIRONMENTAL FACTORS. ANNUAL MEAN 
PRECIPITATION RANGES EVALUATED BY MEANS OF TWO CRITERIA 
Number of Percentage 
National of National Equivalent Percent 
Group Inches/year Forests Forests Miles Miles 
1 0-5 0 0.00 0.00 0.00 
2 6-10 7 6.19 11,749.70 4.74 
3 11-15 18 15.93 33,071.70 13.34 
4 16-20 25 22.12 68,050.70 27.45 
5 21-25 2 1.77 2,490.00 1.00 
6 26-30 12 10.62 30,097.50 12.14 
7 31-40 11 9.73 29,847.40 12.04 
8 41-50 19 16.81 37,698.10 15.20 
9 51-60 10 8.85 17,200.30 6.94 
10 61-70 1 .88 4,500.00 1.81 
11 71-80 2 1.77 4,843.50 1.95 
12 81-90 1 .88 3,407.00 1.37 
13 91-100 4 3.54 2,513.00 1.01 
14 101-110 1 .88 2,466.20 .99 
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TABLE 2.23. NATIONAL SUMMARY TABLE 14: ENVIRONMENTAL FACTORs.. HEATING-DEGREE 
DAYS EVALUATED BY MEANS OF TWO CRITERIA 
Number of Percentage 
National of National Equivalent Percent 
Group Degree-Days Forests Forests Miles Miles 
1 0-1,000 0 0.00 0.00 0.00 
2 1,001-2,000 5 4.42 2,572.20 1.04 
3 2,001-3,000 12 10.62 18,576.10 7.49 
4 3,001-4,000 8 7.08 16,027.40 6.46 
5 4,001-5,000 11 9.73 18,070.10 7.29 
6 5,001-6,000 12 10.62 38,446.40 15.51 
7 6,001-7,000 15 13 .27 44,386.40 17.90 
8 7,001-8,000 23 20.35 56,393.90 22.75 
9 8,001-9,000 17 15.04 38,142.80 15.38 
10 9,001-10,000 8 7.08 12,459.80 5.03 
11 10,001-11,000 2 1.77 2,860.00 1.15 
CHAPTER 3. IDENTIFICATION AND SELECTION OF THE VARIABLES 
TO BE MEASURED 
The project started with a review of background literature about PDMS, 
including Phase I (Conceptual Study), Phase II (A Working Model), and Phase 
III (Implementation). Also, the past experience of The University of Texas 
m implementing a Pavement Feedback Data System for the Texas Highway 
Department (Project 123) was reviewed. Although previous experience with 
Feedback Data Systems does not directly relate to aggregate surfaced roads, 
i.e., different performance of paved and aggregate surfaced roads, the 
organizational concepts provide a valuable guide for the development of the 
PDMS data base. 
In order to identify the most important and significant variables 
related to aggregate surfaced roads pavement performance, the following 
sources of information and points of view were considered: 
(1) A "Brainstorming Session" of Forest Service Personnel, 
(2) Sensitivity analysis of the PDMS computer program, 
(3) Review of C. T. Coghlan* Questionnaire for Aggregate Surfaced Road 




aggregate-surfaced-road studies: Brazil Study 
the Interrelationship of Highway Cost) and the Kenya 
Summaries of these studies are presented in the following sections of 
this chapter. Other sources of information have been "Low Volume Roads 
International Conference" papers, interviews and discussions with Forest 
Service personnel and UT Research Staff. These sources are also reflected in 
the respective sections where applicable. 
*C. T. Coghlan is a Materials Engineer in Region 9 of the U.S. Forest 
Service, and the results of the Questionnaire were presented at the 1979 




The "Brainstorming Session" held at Austin on December 4 and 5, 1979, 
included members from the U.S. Forest Service Washington Office, regional 
offices, University of Texas Research Staff and guest speakers from the Texas 
Highway Department and Austin Research Engineers. 
During this meeting, two important aspects of aggregate surfaced roads 
~re discussed: (1) failure criteria and (2) variables to be considered in 
the data base. The failure criteria discussion brought about important 
considerations and suggestions to be observed when developing a failure 
criteria for this type of road, as well as some of the most relevant distress 
manifestations and performance concepts. Because the objective of this 
project is the development of a research oriented data base, ,rather than the 
determination of failure crite~ia, the acceptability or rejection of the 
factors as components of the failure criteria will need future research. 
This discussion was important for the purpose of this project since 
several types of distress manifestations on aggregate surfaced roads were 
discussed. These phenomena were defined, analyzed and evaluated in order to 
identify the most important or relevant ones. 
These distress manifestations are important because they are closBly 
related to the user and maintenance cost, factors which are of primary 
importance to the U.S. Forest Service. Also, these distress manifestations 
will affect directly the safety and comfort of the road. 
If we can predict accurately the presence of these phenomena which 
depend on a number of variables, we would be able to design aggregate 
surfaced roads to satisfy the economical, safety, and comfort constraints in 
an optimum way, considering the traffic and physical requirements. 
Of these distress manifestations or dependent variables, the following 





During the second part of this meeting, the variables influencing the 
performance of the aggregate surfaced roads were discussed and evaluated. 
The essential and desirable variables for improving the actual models and/or 
developing new models were identified. Four major groups of independent 
variables were identified: (a) Material Properties, (b) Traffic, (c) 
Environment, and (d) Economic, Maintenance and Construction. Two methods of 
collecting information were also identified: (1) Primary study, including 
less than ten variables, to be measured on specific sections in all the 
U.S. Forest Service Regions and (2) Satellite studies, also designated as 
correlation studies, for studying specific relations between performance and 
variables of special interest on a small number of sections. 
51 
A summary of this "brainstorming session" was completed, based on notes 
and tape recordings, and is provided in Appendix C. 
A list of the variables to be collected is presented in Table 3.1. This 
table is divided into two parts, primary and satellite study, according to 
the type of the study where the information would be collected. Based on the 
type of variable, Table 3.1 is also divided into two groups: dependent and 
independent variables. The independent variables are classified in four 
groups, as described above. 
SENSITIVITY ANALYSIS OF THE PDMS COMPUTER PROGRAM 
During Phase III (Implementation of a Pavement Design and Management 
~stem for Forest Service Roads), a sensitivity analysis of the PDMS computer 
program was performed. The basic concept for the sensitivity analysis, as 
stated in the Final Report of Phase III, is to evaluate the effect of 
changing the magnitude of a variable on the total project cost and 
rehabilitation strategy. In this way, the significant effects of different 
input variables could be compared. 
The number of input variables for the case of aggregate surfaced roads 
was 47. The results of this sensitivity analysis showed that there were 24 
variables significantly affecting the total cost. Of those 24, there were 16 
Showing the largest effect. The results of the sensitivity analysis are 
presented in Table 3.2. According to the previous classification, these 
variables should be classified as independent variables. 
Another important part of the sensitivity analysis was the study of the 
failure models (Rut Depth, Aggregate Loss, and AASHTO) to ascertain the ones 
controlling the pavement design for particular characteristics. 
The Final Report from Phase III showed the Aggregate Loss Model 
controlled almost 40 percent of the most significant variables. The Rutting 
Model controlled only when the traffic characteristics (ranked number one in 
the sensitivity analysis results) were being considered. The AASHTO model, 
in general, controlled 60 percent of the most significant variables and also 
variables having small effect. 
The sensitivity analysis indicates which variables are most important, 
and, therefore, indicates on which variables to concentrate resources to make 
accurate measurements for improving the models. 
This sensitivity analysis was performed in May, 1978. Since this date, 
several modifications have been made to the PDMS program in such a way that a 
new sensitivity analysis will be required on the modified program dated May, 
1980. We may postUlate the more significant variables should be the same 
because of the nature of the modifications performed. 
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TABLE 3.1. DATA BASE VARIABLES TO BE MEASURED AS RECOMMENDED DURING 
THE BRAINSTORMING SESSION 
T Y P E o F STU D Y 
PRIMARY SATELLITE 
D DEPENDENT VARIABLES D 
1. Rutting 
2. Roughness 
3. Aggregate Loss 
4. Dusty Surface 
INDEPENDENT VARIABLES 
Material Properties 
1. Structural Measurements: 1. Moisture Content 
Number of Layers 
Thickness of Layers 






3. Resilient Modulus 
4. Hardness (Soundness) 
5. Aggregate Properties 
Particle Shape 
Degradation 
6. Correlation between determina-
tion of ~ in the field and in 
the Laboratory 
7. Seasonal variation of moisture 
and density (as well as the 
other variables) 
8. Stability of Surfacing 





TABLE 3.1. (CONTINUED) 
Traffic 
1. Number of Applications 1. Axle Loads 
2. Distribution of the Traffic 2. Relation between aggregate 10ss-
Traffic Speed 
1. Precipitation 
3. Relation of specific parameters 
to Traffic (i.e., MMBE and 
Traffic) 
4. Measurement of monster vehicles 
5. Tire pressure 
6. HP 
7. Configuration and types of axles 
8. Affect of construction and 
reconstruction vehicles 
9. Weight ratio of vehicles 
Environmental Variables 
1. Depth of frost penetration 
2. Temperature 
3. Relation, if any, between lo-
cation of the closer weather 
station to the road 
4. Relation, if any, between shaded 
and non-shaded areas to moisture 
5. Groundwater table 
6. Snow dep th 
7. Elevation 
8. Wind 
9. Freeze-thaw periods 
(Continued) 
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TABLF ~.l. (CONTINUED) 
Economic, Maintenance and Construction 
1. Construction cost 
2. Maintenance cost 
3. Construction quality control 
vs. performance 
4. Maintenance records: number of 
bladings 
5. Affect of snow plowing on 
aggregate loss 
6. How to program seasonal closures 
7. Quality of bladings vs. riding 
quality 
8. Dust vs. surfacing maintenance 
9. Maintenance cost vs. performance 
10. Water and rolling as maintenance 
procedure 
11. Energy cost of the maintenance 
operation 
12. Cost of tire wear 
13. Cost of delays 
14. Cost of accidents 
15. Salvage value 
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TABLE 3.2. RESULTS OF THE SENSITIVITY ANALYSIS OF PDMS FOR AGGRE-
GA TE SURFACED ROADS. 
RELATIVE IN'" 
RANK VARIABLE CREASE IN COST* 
.1 Traffic 1.53 
2 Material cost, layer coefficient of 1.53 
top layer 
3 Aggregate surface loss 1.25 
4 Soil support value of the subgrade 1.21 
5 Salvage value of the top layer 1.16 
6 Minimum thickness of an individual 1.10 
rehabilitation 
7 Grading cost 1.09 
8 Regional factor 1.07 
9 Material cost; layer coefficient and 
soil support of 2nd layer 1.07 
10 Swelling clay parameter 1. 06 
11 Interest rate 1.06 
12 Minimum length of the performance per- 1.06 
iod 
13 Slope of the base 1.05 
14 Accumulated maximum thickness of all 1.05 
rehabilitation 
15 Time between gradings 1.05 
16 Annual routine maintenance cost 1.03 
17 Terminal serviceability index 1.02 
18 Average Approach speed to rehabilita- 1.01 
tion 
19 PSI and SI after an overlay 1.01 
20 Non-deterioration parameter 1.01 

























*Increase in overall cost per mile using the highest value of the variable and 
compared with the overall cost when using an average value of this variable. 
A = AASHTO Model L = Aggregate Loss 110del R = Rut Depth Model 
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C. T. COGHLAN QUESTIONNAIRE FOR AGGREGATE SURFACED ROADS 
This questionnaire was sent to all regions of the U.S. Forest Service in 
July, 1979. Basically, two different questions were presented in this 
questi onnai re: 
(1) How significant is a given factor to aggregate surfaced roads 
pavement design? and 
(2) What are the most significant expressions of failure? 
In answering the first 
included, as follows: 
Essential. 
question, five possible rated answers were 
= None, 2 = Low, 3 = Moderate, 4 = High, and 5 = 
A total of 111 factors were divided into five major groups as follows: 
(1) Subgrade properties (SP), 24 factors 
(2) Aggregate properties (AP), 55 factors 
(3) Traffic (T), 9 factors 
(4) Environment (E), 11 factors 
(5) Management (M), 12 factors 
This questionnaire took into account the qualifications of the engineers 
WlO replied by using an appropriate ranking system varying from 1 (Never 
designed a pavement and don't much care about it) to 5 (already have this all 
worked out and have all the answers). 
The results from this survey showed that the most important factor 
concerning the design of aggregate surfaced roads is the "effect of moisture 
on subgrade strength," with a rank of 4.7. The least important factor is 
"field moisture equivalent related to lateral stability of aggregates," with 
a rank of 2.5 (Ref 18). A list of the 30 most important factors (ranked from 
4.7 to 4.00) is presented in Table 3.3. As may be seen from Table 3.3, many 
factors are closely related to each other. 
It may also be noted that many of those factors are not easy to measure 
because of their nature and large variability. The majority of these factors 
could be classified, according to the differentiation done in the part of the 
"Brainstorming Session," as independent variables. This means that these 
factors would interact with some other factors producing a particular 
condition on the pavement. This result or pavement condition would be one or 
a combination of the previously defined Dependent Variables, which are the 
factors realized by the road users. It is more practical and economical to 
measure these dependent variables than to measure the totality of the listed 
TABLE 3.3. C. T. COGHLAN QUESTIONNAIRE ON AGGREGATE SURFACED ROADS 
30 MOST IMPORTANT FACTORS TO THE PAVEMENT DESIGN OF 

































Effect of moisture on sub grade strength 
Effect of density on subgrade strength 
How moisture of subgrade varies through the year 
Season of use of the road 
Construction quality control 
Seasonal use of the road and its influence on MGM of the 
road 
Load limits 
Number of load repetitions 
Relationship between lab tests and field strength of 
subgrade 
Percent aggregate passing #200 and influence on lateral 
stability 
Effect of density on aggregate layer strength 
Aggregate loss by-heavy traffic 
Providing maintainable surface 
Interrelationship of subbase, base and aggregate surface 
Wheel loads 
Seasonal distribution of traffic 
Influence of selected design grades and influence on MGMT 
Seasonal distribution of rainfall 
Effect of repeated loading on subgrade strength 
Effect of maintenance 
Effect of fabric like a filter barrier 
Effect of relative density on the strength of aggregate 
Aggregate loss by maintenance bladings 
Particle shape of the aggregates 
Relating maintenance level to design criteria 
Aggregate loss by contamination by sub grade 
Plasticity and its effect of lateral stability 
Water table locations 
AASHTO equivalency factors "a" values) 
Curvature design and its influence on management 
SP Subgrade Properties 
E = Environment 



































factors. Besides this, the measurements of these factors by themselves does 
not tell much. If we do not refer to them in some way, to pavement distress 
or performance, the measurements are less meaningful. 
The presence of some factors in the list confirms the importance of 
variables, such as traffic variables (load applications, wheel loads, 
seasonal distribution, equivalence factors) and aggregate loss. It is also 
important to note those factors characterizing the materials, such as 
gradation, particle shape, plasticity, subgrade, and aggregate layers. The 
effect of density, which is directly related to construction quality control, 
should apparently play a very important role in the aggregate surfaced roads 
design. Many of these factors could be investigated in the "Satellite 
studies. " 
A summary of the ranking of these factors is presented in Table 3.4, 
Where the percentages refer to the number of factors of each group (SP, AP, 
T, E, M) in 4 levels of importance. From this table we may notice the 
significance of the traffic variables, leading the first level of importance. 
It may be noticed that the groups: subgrade properties (SP), aggregate 
properties (AP), and traffic (T) have the same percentage of factors at the 
second level of importance. This analysis may give an indication of the 
group of variables deserving more attention. It is also important to realize 
that at this second level of importance the Management group has included 84 
percent of its factor. From Table 3.3 it may be seen that the management 
factors, such as "construction quality control," "seasonal use of the road 
and its influence on management of the of the road," "load limi ts," etc., 
depend upon decisions that should be made based on knowledge of pavement 
parameters or models, which are not really available yet and that are the 
latest purpose of the Data Base. 
According to this analysis, the importance of some variables has been 
quantified and corroborated, as in the case of aggregate loss, traffic, and 
many others that should be included in satellite studies. These results 
agree with the results from the two sources previously revised. 
THE KENYA STUDY 
The Kenya Study was conducted by the Transport and Research Laboratory 
(TRRL) and sponsored by the International Bank for Reconstruction and 
Development in two parts: 
(1) Collection of information on the operating cost of vehicles 
relative to the road, geometrics, the surface characteristics and 
the environment. 
(2) The study of the characterisitcs of the roads themselves and their 
relationships to the traffic carried, the environment, the original 
design and construction standards, and the different maintenance 
policies. 
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TABLE 3.4. RANGES OF IMPORTANCE TO THE PAVEMENT DESIGN OF AGGREGATE 
SURFACED ROADS OF THE FIVE GROUPS OF VARIABLES CONSIDER-
ED IN THE "C. T. COGHLAN QUESTIONNAIRE" 
Range of ImEortance Percentage of Factors in the Gro~ 
SP AP T E M 
4.7 4.0 24% 25% 44% 18% 42% 
4.0 3.5 51% 50% 33% 27% 42% 
3.5 3.0 15% 15% 12% 55% 16% 
3.0 2.5 10% 10% 11% 
Total 100% 100% 100% 100% 100% 
SP = Sub grade properties 
AP = Aggregate prop~rties 
T = Traffic 
E = Enviornment 
M = Management 
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Relationships between the variables 
computerized models were developed. 
involved were derived and 
The parameters that describe the condition of the road and are affected 
b,y the traffic and environment were measured. These performance parameters 
dealt with the unpaved roads: 
(1) Surface roughness 
(2) Rut depth 
(3) Surface looseness 
(4) Gravel loss 
In the Kenya Study the following variables were selected for monitoring 
to explain the variation of these performance parameters: 
(1) Rainfall (2 levels: low and high) 
(2) Vertical geometry (3 levels: flat, intermediate and steep). 
(3) Horizontal geometry (3 levels: low, medium, and high). 
(4) Surface type (4 types: lateral, quartzitic, volcanic, and coral 
gravels). 
(5) In addition, each gravel road section was duplicated or triplicated 
so that the effect of different levels of maintenance could be 
studied. Three levels were applied: normal maintenance (section 
graded each 6,000 vehicles), intermediate (section graded each 
12,000 vehicles), and nil maintenance. 
The unpaved road matrix is shown in Table 3.5. 
Additional measurements were carried out on 
density, PI, and gradation); and on traffic 
factors, axle loads, traffic volumes). 
material properties (CBR, 
measurements (equivalence 
Each test section was one kilometer long with sections of similar 
characteristics extending for a half a kilometer on either side to act as a 
run-in. The test sections were concentrated in the southern region of the 
country, scattered in an area of approximately 170,000 km sq which represents 
29 percent of the total area of the country. A total of 95 sections were 
used, 38 of them gravel sections, 8 earth surface, and 49 paved sections. 
The field work was conducted for 4 years in the first half of the 70's and 
some of the particular results and models are presented in Reference 20. 
TABLE 3.5. CLASSIFICATION OF UNPAVED ROAD TEST SECTIONS IN TIlE 
KENYA STUDY 
Road Low Rainfall High Rainfall 
Geometry <]OOOmm/year >lOOOmm/year 
:s: 
Flat Inter- Steep Flat Inter- Steep 
<1.5% mediate ~3.5'-J mediate 
~1.5% 
Horizontal <3.5% 
G28(I) G26(N) G33(N) G5 (I) G12(N) 
G29(Z) G3l(I) G35 (1) G7(N) G13(I) 
Low «30° /kmJ G22(N) G32(Z) G36 (Z) E2(N)** 
G4l(N) G2l(N) G24(N) 
Gravel 
Sections 
(G) Medium(~300/km)G30 GlO(Z) (N) G34(N) G20(N) Gl(I) G6(N) 
«900/km}G42 G38(I) G25 (I) G2(N) Gll(N) 
I (z) G 3(1) 
High(~90° /km) G40(N) G16(N) G23(N) G17(I) G18(I) - G19(Z) 
El(N) 
Low G27(N)* - - - E3(I) 
E4(Z) 
Earth G37(I)* G15(1)* 
Sections Medium G39(N)* - - - -
(E) 
High - - G14(N)* - - -
Note: (N) Normal maintenance level 
(I) Intermediate maintenance level 
(Z) Nil maintenance level 
* These sections were originally gravel sections but 
were reclassified because the particle size distri-
bution was poor. 
** This section was originally an earth section but was 
reclassified as a gravel. 
Gl-G19 Lateritic gravel 
G20-G25 Volcanic gravel 
G26-G38 Quartzitic gravel 




BRAZIL STUDY (RESEARCH ON THE INTERRELATIONSHIP OF HIGHWAY COST) 
The purpose of this study is to develop mathematical models for highway 
Planning and was sponsored by the government of Brazil, through the Empresa 
Brasileira de Planejaimento de Transportes (GEIPOT), the United Nations 
Development Program (UNDP) and the International Bank for Reconstruction and 
Development (IBRD). Basically, this study defines cost models which relate 
construction, maintenance and user cost for both paved and unpaved roads. 
lJhree major activities are identified in the Brazil Study: 
(1) Road user cost surveys to determine the operating cost. 
(2) Experiments to relate speed and fuel consumption. 
(3) Pavement performance and maintenance experiments. 
Of these three activities, the last one is the most interesting for our 
purpose of developing a data base for the PDMS program. 
The parameters selected in this study to be monitored represent, in one 
or another way, pavement distress or define pavement performance. The 
selection of these parameters was, in the case of the unpaved roads 
(aggregate surfaced roads and earth surface), based on the results of 
previous research on pavement performance, with major input from the Kenya 
study. The selected parameters or dependent variables were: 
(1) Roughness 
(2) Gravel loss 
(3 ) Looseness of gravel 
(4) Rut depth 
These dependent variables were monitored in the main study, considering 
the following five major factors: 
(1) Type of surface material (three levels for aggregate surfaced 
roads) 
(2) Traffic (ADT, two levels:high and low) 
(3) Vertical geometry (high and low) 
(4) Horizontal geometry (high and low) 
(5) Maintenance (no maintenance, and every three months) 
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Also, a number of covariables such as percentage, heavy vehicles, total 
weight passing over the section per day, average daily distribution of the 
different vehicle types, passenger-car units, cumulative traffic since the 
last blading, number of days since the last blading, wet or dry season 
identification, and some material properties were considered. These 
covariables were monitored in the satellite studies. Some indicators of the 
applicability and limitations of this study may be inferred from the 
following paragraphs. 
The test sections were widely scattered over central Brazil in an area 
of approximately 650,000 km sq. This area represents 8 percent of the total 
area of Brazil and 60 percent of of the road network of the country, which is 
around 1.5 million km sq (from Table 1.1). 
In the main study a total of 113 sections were studied, divided into 65 
paved sections and 48 unpaved sections (aggregate surfaced roads and 
unsurfaced roads). Of the 48 unpaved test section, 8 were replicates. The 
sampling matrix for the unpaved road experiment is shown in Table 3.6. Also, 
a set of star* pOints was selected to investigate nonlinear relationships in 
the regression analysis. Those sections possessing characteristics 
fulfilling the factor combinations for the star points are shown in Table 
3.7. The typical test section was 720 meters long, divided into two 
subsections 320 meters long each and separated by an 80 meter long 
transition. A different maintenance level was provided each of the 
subsections as stated before. For comparison purposes and in order to get an 
idea of the resources involved in any study of this type and magnitude, it 
should be enough to mention that the Brazil project started in the middle of 
1975 and the information collection phase ended in November 1979. Actually, 
the information is being analyzed in Brazil. The project cost, as stated in 
Ref 29, was over $13 million, with $750,000 being spent on instrumentation 
and equipment. A staff of over 165 was assembled including engineers, 
economists, technicians, administrators, clerks, and other support personnel. 
RECOMMENDED STUDY VARIABLES 
From these previous experiences, the following recommendations are made: 
(1) Due to the large amount of variables affecting the pavement 
condition and due to the significance of these variables, it is 
recommended to divide the experiment into two types of studies: 
(a) the primary study, which would have national coverage and would 
include the measurement of the most important variables, and (b) 
*The star point concept is used in the design of experiments methodology to 
cover intermediate and smaller and larger values of the variables to be 


































































































































































































































































































































































































































































































































































































































































































the satellite studies which would be performed in particular 
selected locations and would include the study of the pavement 
condition as affected by variables of secondary importance. 
(2) There will be some dependent variables or pavement performance 
variables which will reflect in one or another way the failure of 
the pavement. These variables are the result of the interaction of 
a great number of factors which are called independent variables. 
From the "Brainstorming Session," the Kenya study and from 
Brazil study the most important dependent variables 
roughness, aggregate loss, rutting, and loose material. 




(4) The following independent variables are considered the most 
significant based on the five considered sources of information and 
are recommended for Primary Study. 
a. Number of layers 
b. Layer thickness 
c. Strength and type of material 
d. Atterberg units 
e. Gradation 
f. Traffic, number of applications 
g. Distribution of the traffic (passenger cars, 
pickups, trucks) 
h. Density and moisture measurements 
i. Maintenance level 
j. Environmental factors (Precipitation and 
temperature index) 
(5) From the Brainstorming Session, the PDMS sensitivity analysis, and 
the C.T. Coughlan Questionnaire, other independent variables 
deserving special consideration and requ1r1ng more extensive 
research were defined. These variables should be studied in the 
"Satellite Studies." 
(6) The Brazil Study showed that data collection experiments with 
national coverage and scattered in a wide area may be performed 
successfuly if the appropriate planning, organization and 
coordination are properly provided. 
In the following two chapters a review of the data collection procedures 
for these variables is presented. 
CHAPTER 4. REVIEW AND SELECTION OF THE METHODS 
TO MEASURE DEPENDENT VARIABLES 
In the previous chapter the variables involved in the pavement 
performance of aggregate surfaced roads were classified as dependent and 
independent variables. It was concluded that the dependent variables would 
be monitored in the Primary study. After reviewing major sources of 
information, four dependent variables were identified, namely: rut depth, 
roughness, aggregate loss, and looseness of materials. 
Chapter 4 describes and evaluates the methods most 
measure each of these dependent variables. General 
selecting a methodology are also provided in this chapter. 
is placed on previous experience using these methods. 
RUT DEPTH MEASUREMENTS 
commonly used to 
recommendations in 
Special emphasiS 
Rutting is considered to be a major distress manifestation in any type 
of pavement. During the "brainstorming session" with the U.S: Forest 
Service Advisory Committee, it was concluded that rut depth was a relevant 
factor in the performance of aggregate surfaced roads for several reasons. 
It may determine the minimum layer thickness required in providing the 
adequate layer strength, in such a way that an underestimation of this 
distress manifestation may lead to a complete deterioration of the road. 
Associated with the presence of rutting are the surface channels, which would 
carry or contain water, possibly eroding the road surface and reducing its 
load carrying capacity. 
The great significance of the rutting model in PDMS, and the necessity 
to validate this model has been confirmed by the Sensitivity Analysis of 
PDMS. 
Two devices may be used to measure rut depth: the AASHTO type rut depth 
gauge and the transverse profile gauge. Both devices are described and 
evaluated here. Special attention is given to the description of the AASHTO 
type rut depth gauge as used in the Brazil study. A system to classify the 
ruts and obtain a better knowledge of this distress manifestation is included 
at the end of this section. 
AASHTO Type Rut Depth Gauge 
This device, developed during the AASHO Road Test, has been widely used 
around the world for measuring rut depth, because of its simplicity in 
operation and in transportation, as well as of the low acquisition cost. 
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It consists of a triangular aluminium frame with a graduated aluminium 
or steel bar which slides vertically through the center of the frame. The 
sliding bar is provided with a scale. The scale zero is in coincidence with 
the top edge of the frame when the instrument is standing on a flat surface; 
hence, this is the datum point against which depth measurement readings are 
taken. 
During the aggregate surfaced roads rut depth measurements in Brazil, 
this device was slightly modified by providing the frame with a bottom cross 
bar to eliminate the influence of localized depressions on the measurements, 
as shown in Fig 4.1. To permit the instrument to be used on paved roads, the 
bottom cross member was removed. A smaller version was re~uired in Brazil in 
order to be transported in small vehicles. This was made in the same way, as 
the gauge from Fig 4.1, with the exception that its height was reduced by 20 
cm (8 in). In the Brazil Study, the material used to manufacture the 
vertical sliding bar was changed to steel in later instruments, since the 
aluminium bar had a tendency to stick. 
The operating method for gravel roads, as described in Ref 21, consists 
of laying the instrument across the rut to be measured with the sliding bar 
above the lowest point in the rut. This establishes the road surface level. 
The graduated bar is then allowed to slide down until its lower end rests in 
the bottom of the rut, but is not pressed down deeply into the material below 
the bottom of the rut. In taking rut depth readings, it is important to have 
the recording eye at the same level each time to obtain accurate readings. 
In Brazil, rut depth measurements were obtained every two weeks. On the 
sections receiving high level maintenance, one grading every two weeks, 
measurements were taken five times within the two week interval. 
The measurements were taken at five equally spaced positions within each 
300 meter lon~ subsection. The first and last positions were taken to 
coincide with the two extremes of the subsection. The rut depth measurements 
were taken by the roughness measurements crew, hence the equal spacing was 
established using the electronic distance measuring instrument (DMI) mounted 
on the vehicle, as explained later in the Maysmeter description. 
Because of the nature of the aggregate roads, the ruts were defined as 
those positions on the road where the majority of the vehicles travel. These 
areas are easily identified by the absence of loose material. When more than 
four wheel tracks existed, only those tracks were measured and the other 
measurement positions were left blank on the field form shown in Fig 4.2. 
The rut depth measurement crew consisted of two men, one handling the 
rut depth gauge and the other recording the readings. In order to take 
measurements rapidly, it is recommended to have permanent concrete markers in 
the sections. 
Transverse Profile Gauge 
The transverse profile gauge or transverse profilograph is another 
device that has been widely used for rut depth measurements. A 2 meter (6 
69 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































ft) transverse profilograph was used during the Kenya study (Ref 19) and a 
3.96 meter (13 ft) device was used in Oklahoma as reported by Oteng-Seifah 
and Manke eta al., Ref 22. The first study made measurements on aggregate 
roads and the latter one on asphalt concrete pavements. 
The device reported in Reference 22, provides a continuous profile 
tracing of the pavement surface, thus, the shape of the pavement surface 
adjacent to the wheel path depressions is ascertained and the rut depth is 
measured to the nearest 0.025 cm. (0.01 in). The transverse profilograph 
consi~ts basically of: (1) a supported guide rail, (2) a trolley system, 
and ,3) "X - y" recorder. The profilometer is made from two magnesium alloy 
carpenter's framing levels. 
The rail is supported at the center pOint and the ends with adjustable 
height supports and is oriented to span a traffic lane perpendicular to the 
centerline of the roadway. The two end supports are adjusted to set the rail 
at a given height above the pavement surface at these points; the center 
support is adjusted to remove any midspan deflection. Thus, the rail becomes 
a planar surface and serves as a guide for the trolley system and as the 
datum for the measurements. 
The trolley system consists of an aluminium suspension plate with four 
nylon rail-track wheels machined to fit the top and bottom flanges of the 
rail. A rubber-rimmed actuating wheel, made of teflon, is attached to a 
short pivot arm hinged to the bottom of the suspension plate. The pivot arm 
also supports a helical potentiometer, whose shaft is connected to the axle 
of the actuating wheel, and a bracket connection for one end of a linear 
potentiometer. The other end of this linear potentiometer is attached to the 
suspension plate. 
The actuating wheel contacts and rolls along the pavement surface as the 
trolley system traverses the guide rail. The helical potentiometer scales 
the horizontal displacement, and the linear potentiometer scales the vertical 
displacement of the actuating wheel. These displacements are recorded as a 
continuous transverse profile trace of the pavement surface by an X-y 
recorder. 
A similar device is commercially manufactured by Rainhart Co., Austin, 
Texas, and is illustrated in Fig 4.3. The shipping weight is around 63 kg 
(140 lb), and the acquisition cost is about $1,000. 
This device requires a two-man operational crew. By using this device, 
the entire transverse profile of the road may be obtained, but the device may 
provide too much information for rut depth measurement purposes and requires 
excessive office work to be interpreted and codified. However, if the 
leveled transverse profilograph is referred to a permanent benchmark, the 
information may also be used for aggregate loss measurements. This may be 
appropriate if these two pavement distress manifestations are measured with 
the same periodicity and at the same locations (which in fact, may not always 
be convenient). On the other hand, only one crew and one simple and 
relatively inexpensive device is being used. The disadvantage is the extra 
man-hours required for codifying and interpreting the data. A cost analysis 











































































In Kenya, the rut depth measurements were made in all the wheel tracks 
present in the section, and the mean value of these measurements used as the 
final rut depth value for the section. The measurements were taken at each 
end of the one-thousand meter-long (3,280 ft) section and at one end of the 
100 meter (328 ft) sections used for recording gravel loss. 
A pneumatically operated transverse profilometer was used during the 
AASHO Road Test \Ref 23), for measuring the transverse profile. The 
information was automatically recorded by an electronic device which is shown 
in Fig 4.4. 
Complementary Rut Depth Measurements 
The devices previously described provide the magnitude 
the problem. Because there are different types of rutting, 
descriptive rutting measurements be made in order to better 
phenomenon. 
or severity of 
it is recommended 
understand this 
These measurements would provide the classification and or1g1n of the 
rutting, which in aggregate surfaced roads may be attributed to an~ of the 
following four reasons: (1) densification after construction, (2) shear 
failure of the surface layer, (3) shear failure of the sub~rade material, and 
(4) redistribution of the gravel by the traffic action. These rutting types 
will have different physical manifestations as shown in Fig 4.5. 
The first step in the study of rutting, besides the measurement of the 
rut depth (RD in Fig 4.5), would be the external identification of the rut. 
Two external shapes may be recognized, as illustrated in Figs 4.5.a and 
4.5.c, and are designated Type "V" and Type "M", respectively. 
Once the external shape has been identified, the next step would be the 
differentiation of the rut Type "V" in two groups: (1) due to densification 
and/or redistribution. of the surface material, and (2) due to shear failure 
of the subgrade. In achieving this, it would be necessary to dig trenches 
and study the layers profile, to determine if the failure is due to 
densification or redistribution of the surface material or to subgrade 
failure. This type of study was conducted during the AASHO Road Test (Ref 
24), using trenches 0.98 meter (3 ft) wide along the cross sections. While 
the trenches were being made, precise levels were taken at 0.30 meter (1 
foot) intervals laterally on top of each of the layers and at both faces of 
the trench. Additionally, cores for density determination were taken of the 
surfacing course, and in place density, CBR, and moisture content 
determination of the granular materials and embankment soil were made. These 
studies were performed in sections with serviceability indexes below the 
minimum acceptable. 
Because of the more general nature of these studies, they should be made 
when rut depth reaches an excessive level, before a grading operation, or 
before a regravelling operation. In order to track the variations in 
rutting, it would be necessary to dig trenches before or after the situations 
previously mentioned. When the trench is dug, the material is disturbed even 
though the trench is filled with the same material, but this trench may not 
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Ca) Densification and/or redistribution of the 
gravel by the traffic action. 
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Fig 4.5. Rutting physical manifestations and its causes. 
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be used again as a sampling trench. So, it would be necessary to design a 
section that allows for the necessary number of trenches. The trenches would 
be excavated in an alternate fashion. With this, a better knowledge of 
rutting may be obtained. These complementary rut depth measurements might be 
performed on a satellite study. 
Selecting a Rut Depth Measuring Device 
In measuring rut depth, the AASHTO Type Rut Depth Gauge seems to be a 
very practical, simple, and economical device. The Transverse Profile Gauge 
appears to be an accurate and more expensive method. Although, if it is also 
used for aggregate loss measurements, its potential increases in such a way 
that a decision should be made based on a cost analysis and probably after 
trying both methods during a pilot study. It is recommended to include, as a 
part of the rut depth measurements, the classification of the rutting type. 
ROUGHNESS MEASUREMENTS 
The roughness concept has received considerable attention in the last 
twenty years from many highway and airport agencies around the world. In the 
case of asphalt or Portland cement concrete, roughness is a determinant 
factor in defining the Present Serviceability Index (PSI) of the pavement, 
which is normally used as a failure criteria in these types of roads. The 
criteria involved in designing these roads consider that the roads are 
provided for, and by, the users, and they must provide a safe, smooth and 
comfortable ride. Because of the characteristics of the roads managed by the 
Forest Service, it may be said that the majority of these roads must provide 
a safe, acceptable, and economical ride. Thus, roughness may not be 
primarily associated to the serviceability concept and may be considered as a 
pavement distress manifestation, as an indicator that something is not 
performing properly in the pavement structure. The study of the roughness 
phenomenon in aggregate surfaced roads must bring, among other benefits, 
important improvements to the structural model included in PDMS and may 
provide the basis for unified maintenance criteria for the Forest Service 
roads. 
In order to quantify the roughness of a road, many devices have been 
developed. In the following pages four of them are described with comments. 
The preselected devices are the BPR Roughometer, the Surface Dynamics 
Profilometer (SDP), the PCA Road Meter, and the Maysmeter. Of the Mays 
Meter, three versions have been considered. In the last part of this 
section, some recommendations in selecting a roughness measurement system are 
presented.· 
The BPR Roughometer 
As described by Haas and Hudson (Ref 10), the BPR Roughometer has been 
used by many agencies since 1920. It is a trailer-type device, as 
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illustr~ted in Fig 4.6, that simulates one wheel of a passenger car and is 
comprised of a mass, spring, and damper combination. 
The roughness of the road is measured by the displacement of the wheel 
with respect to the mass. This displacement is recorded by an integrator 
coupled to an electronic counter. The counter is calibrated to record inches 
of vertical movement of the axle relative to the top of the suspension 
system. Accumulation of the displacement over a distance interval is called 
roughness index, computed in inches/mile. The operating speed is 20 mph, 
when towed by a light vehicle. The limitations are low operating speed, 
attenuation of wavelength in the ride frequency range, poor repeatability, 
and a requirement for constant calibration. 
Surface ~namics Profilometer (SDP) 
Originally known as the GMR Profilomete~, it was developed by the 
General Motors Corporation, in Warren, Michigan. K.J. Law Engineering in 
DetrOit, began manufacturing the SDP in 1966. The basic operational 
principle is based on the use of a series of accelerometers. The SDP is 
contained in a van and consists of two road-following wheels mounted on 
trailing arms beneath the vehicle, one in each wheel path, and it is held in 
contact with the road by a 300 lb. spring force. Relative motion between 
the vehicle and the wheel is measured by a potentiometer mounted on the 
vehicle body above the road-following wheels at a point where an 
accelerometer measures the acceleration of the vehicle itself, see Fig 4.7. 
The truck mass and truck suspension form a mechanical filter between the road 
and the accelerometer. 
The signal from the accelerometer and the potentiometer are input into 
an analog computer carried in the vehicle. The acceleration signal is 
integrated twice and added to the potentiometer signal, then conditioned to 
obtain right or left true profile, see Fig 4.8. 
Wavelengths longer than approximately 200 ft are attenuated toward zero 
in proportion to their amplitude. Thus, it may be said the device gives a 
good indication of true profile for wavelengths shorter than approximately 
200 ft and produces a signal proportional to true profile for longer 
wavelengths. 
The profile data obtained in analog form is amenable to power spectral 
density processing, but other parameters such as slope variance or roughness 
indices are difficult to obtain. Consequently, analog-to-digital and digital 
processing subsystems must also be developed or adapted to obtain increased 
flexibility. 
The advantages of the SDP in comparison to other devices are: (1) 
determination of actual profiles, (2) capability of handlin~ large amounts of 
data by automated means, (3) high operation speed, (40-50 mph), and 
consequently, high production per day, (4) capability of detecting and 
analyzing longer wavelengths, (5) excellent repeatability, (6) capability of 









Fig 4.7. Principle of the GMR profilometer (Ref 25). 
79 
80 
Output Analog Trace of 
Pavement Elevation Profile 
(Paper or Magnetic Tope) 















Accelerome ter Inertial 




(Output t 4inches) 
Fig 4.8. Schematic of GMR profilometer (Ref 26). 
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The disadvantages of the SDP are as follows: (1) high capital cost, (2) 
high operation cost, (3) n~ed for highly skilled personnel, (4) complexity 
of the system, and (5) high computation cost. 
This device has been widely used in Texas, Michigan, and in the Brazil 
study as a calibration device for the Maysmeter. The primary characteristic 
of the SDP is the capability of measuring the true profile of the road. 
The PCA Road Meter 
The PCA Road Meter was developed in 1965 to afford a rapid method for 
measuring slope variance. This device uses a simple electromechanical device 
installed in a conventional passenger automobile which measures the number 
and magnitude of vertical deviations between the body of the automobile and 
the center of the rear axle. 
It has been widely used by the Portland Cement Association. As 
described by M.P. Brokaw (Ref 27), this device consists of a flexible, 
braided steel strand connected to the top center of the rear axle housing in 
a vehicle. The steel strand extends vertically through the trunk 
compartment, and then through a small hole in the package deck just behind 
the rear seat, see Fig 4.9. At this pOint, the strand passes over a 
transverse-mounted pulley, and is restrained by a tension spring attached to 
a small post on the package deck at a point near the right side of the body 
shell. Thus, vertical movement between the rear axle housing and the package 
deck is translated to horizontal movement of the strand. 
Midway between the pulley and the tension spring, a roller microswitch 
is attached to the metal strand. The switch is mounted in a rectangular 
formica plate that slides in transverse metal guides. 
The microswitch roller impinges on a switch plate, constructed so 
transverse roller movements can be measured in 1/8 inch increments, either 
plus or minus from a reference standing position of the automobile. The 
switch plate, divided into twenty three 1/8 inch segments, is also mounted in 
transverse metal guides. 
The transverse reference position of the switch 
under the roller to accommodate various static loads 
adjustment is made by a separate tension-spring 
control. 
plate can be adjusted 
in the automobile. This 
attachment and vernier 
Automotive electric power is inserted in the roller and switch plate 
system. Output is directed to visual indicators of road-car deviations, 
mounted in a console placed just above the automobile instrument panel. 
Electric counters are mounted on a separate chassis resting on the floor of 
the automobile. 
Methods for reducing counter data have been given intensive study. Each 
counter accumulates the number of impulses equal to or greater than its 
segment number. A counter will also record a double-count for impulses that 

































































































































































































































































































































Several versions of the PCA Road Meter have been developed, one of 
thembeing the Wisconsin Road Meter, Fig. 4.10. This road meter is 
manufactured by Soil test Inc., Evanston, Ill. The acquisition cost of this 
version of the PCA Road Meter is around $ 1,745.00. 
In order to check the reproducibility of results from the PCA Road 
Meter, several studies have been conducted. One performed by the Minnesota 
Department of Highways and reported by P.C. Hughes, Ref 28, checked the 
repeatability of the Road Meter under the same operating conditions. Running 
the Road Meter five times on seven sections of pavement, it was found that 
the Road Meter showed an excellent repeatability under the same operating 
conditions as shown in Table D.1, Appendix D. 
Also, there was an investigation into what changes in operating 
yonditions would affect the results reached with the Road Meter as follows: 
\1) Type of tire had very little effect, (2) tire pressure had no 
significant effect in normal inflation range, (3) speed of ~he automobile 
had a significant effect, (4) load in the automobile must be stable and no 
passengers in back seats, (5) air temperature should be above fifteen 
degrees Fahrenheit, (6) wind velocity of 15 mph or greater had a detrimental 
effect and crosswinds had more effect, and (7) type of automobile. 
A detailed description of the research performed on the effects of these 
factors is presented in Appendix D. 
The advantages of using the PCA Road Meter for roughness measurements 
are as follow: (1) low initial investment, (2) high operation speed, (3) 
only one roughness reading for each section, data is reduced. 
Among the disadvantages, it is important to mention the following: (1) 
constant calibration is required, \2) difficult installation, (3) the 
measurement system seems to be very susceptible to small variations (tension 
in the cable, properties of the spring, etc.), and consequently susceptible 
to errors, (4) the maximum roughness depth that can be measured with this 
device is 10/8 inches, a value that in aggregate surfaced roads must be very 
common and probably greater. This fact may be solved by making th~ scale 
greater, maybe twice the present size, and (5) high operating cost because of 
constant calibration. 
Some of the agencies that have used the PCA Road Meter are the Minnesota 
Department of Highways, the Iowa State Highway Commission, the Wisconsin 
Division of Highways, and the British Columbia Department of Highways. 
The Maysmeter 
In this section three versions of the Maysmeter are described and 
evaluated, namely the Standard Maysmeter, the Brazil study Maysmeter, and the 
Texas SDHPT Maysmeter System. Important aspects of the Maysmeter 
measurements variability, as well as the most important advantages and 
disadvantages of the Maysmeter when compared to other roughness measuring 
devices, are presented in the last part of this section. 
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Fig 4.10. The Wisconsin road meter. 
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The Standard Maysmeter. The Maysmeter is a three major component 
device: (1) transmitter, (2) distance measurement system, and (3) output 
system, see Fig 4.11. 
The transmitter is rigidly attached to the car's body immediately above 
the differential and consists of a case in which is mounted a film strip with 
blanket and open windows for the transmission of light from a 12-volt lamp. 
The film strip is formed into a circle and is driven in a circular motion by 
a wheel attached to it through a drive shaft. The wheel is mounted on the 
outside of the transmitter housing and is driven by a bow rod. The lower end 
of the rod is attached to the center of the rear axle of the vehicle, as 
illustrated in Fig 4.12. The rod extends up through the vehicle's floor 
through a hole and passes up and down in contact with the transmitter wheel. 
A steel flexible cable is wrapped one turn around the transmitter wheel and 
attached to each end of the bow rod. The transmitter is attached to the 
vehicle's floor just over the center of the rear axle. 
As the vehicle body is displaced relative to the rear axle, the 
transmitter is made to transmit a series of electrical pulses, one for each 
tenth inch of displacement, to the summation unit. 
The second major component is the distance measuring system, which is 
integrated in the form of an odometer of the push-button reset type and reads 
to 0.01 mile. The odometer is driven through a tee inserted in the 
speedometer cable; its readout numbers approximate the parent vehicle's 
odometer. It is mounted in such a way that it can be easily read and 
conveniently operated by both the driver and the operator. 
The output from the standard Maysmeter is printed in a six inch wide "z" 
fold strip chart, displaying three synchronized traces:· distance, profile, 
and landmarks. Of these, the latter is optional. Fig 4.13 presents a 
Maysmeter in operation, and Fig 4.14 illustrates a typical 9utput. The 
distance measurement system traces automatically, zigs for 0.05 miles.' and 
zags for 0.05 mile6. recording the information generated by the odometer. 
The paper is fed in increments of 1/64 inch for each and every 0.10 inch of 
rear axle/body excursion, in such a way that a perfectly smooth pavement 
would not drive the chart, and a rough pavement would consume a great length 
of paper. Dividing the length of paper produced, measured in inches, by the 
distance travelled and by 64, the result would be the number of 0.10 inch 
displacements of the rear axle relative to the car's body. The profile trace 
follows the rear axle excursions in the same direction, and at half the 
magnitude displaying surface peculiarities. In this way, the maximum 
deviation that can be measured would be twelve inches. 
The landmarks trace alternately zigs or zags at the touch of a push 
button to pinpoint the beginning or ending of a test section, bridge or 
overlay; the location of intersections and surface imperfections can also be 
fixed. 
The ~tandard Maysmeter has been widely used in the United States and 
abroad. Some of the users are the Florida Department of Transportationt the 
Louisiana Department of Transportation; the Pennsylvania Department of 






Fig 4.11. Stanrlard ~ meter three major components. 
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Fig 4.12. Mays meter transmitter unit (Ref 33). 
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study (Ref 20) 
With some modifications, it has been used in the 
and in roughness measurements in Bolivia (Ref 29). 
Brazil 
The Brazil Study Maysmeter System. During the Brazil study two major 
modifications were done to the odometer and output systems of the Standard 
Maysmeter. The odometer unit was replaced by an electronic distance 
measuring instrument, DMI, to permit roughness measurements to be obtained 
over fixed distance intervals. The DMI sensor, manufactured by Nu-Metrics, 
Connellsville, Pa., is, as described in Ref 30, mounted near the vehicle's 
front wheel, which is equipped wi~h eight target magnets, Fig 4.15. As each 
magnet passes the sensor, it issues a pulse to the input signal conditioner 
circuit. The DMI measures the distance traveled by the vehicle by counting 
the revolutions of the vehicle's front wheel. The DMI is believed to be more 
accurate than the mechanical odometer system originally provided with the 
Maysmeter. The distance travelled is continuously displayed on the DMI front 
panel, and the electrical signal is routed to the 'summation unit. 
In order to speed the data collection and data reduction process, the 
Standard Maysmeter chart recorder was replaced by a digital readout, 
especially designed and constructed, Fig 4.16. The unit sums road roughness 
data and displays it at either 0.050 miles (80 meter), or 0.20 miles (320 
meters) , intervals. 
This output system receives roughness related electrical pulses from the 
transmiter unit and divides the pulse count by two. The count is accumulated 
in a special counter, which is incremented by one each time the vehicle's 
body changes position relative to the rear axle by two tenths of an inch. 
Information related to the distance traveled is also received in the unit in 
the form of electrical pulses from the DMI. The unit sums these pulses in a 
special binary counter. When the proper count is reached, representing 
either 0.050 miles or 0.20 miles, the interval being selected by the 
operator, the accumulated roughness count is made to replace the count 
currently in the four digitals display unit, Fig 4.17. At the same time, the 
roughness counter is set to zero, ready to start summing the roughness of the 
next selected interval. The operator is alerted to copy the new count by an 
audible tone which sounds just as the new count replaces the old count. 
The DMI and the summation unit are fixed together via a mounting bracket 
and fixed to the vehicle instrument panel in a uniquely constructed panel 
which allows mounting the units in the glove box or other suitable opening. 
Seven Maysmeter units were used in this study, and were calibrated by 
means of a GM Surface Dynamics Profilometer. The output from these devices 
has units of length per length, but to avoid confusion with other roughness 
measurements, the unl~S were designated counts/km and the roughness index 
named quarter-car index (QI). The cost of this Maysmeter configuration is 
around $2,900.00. 
The Texas SDHPT Maysmeter System. As reported by Goss, Hankins, and 
Hubbard et. a1., Ref 31, the Texas SDHPT implemented in 1976 a Maysmeter 
device mounted in a specially designed and constructed trailer, which is 
pulled by any light vehicle. This was done in order to minimize the 
variations in the Maysmeter output due to changes in the tire pressure, in 
91 
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Fig 4.17. Electronic counter system used by the Texas SDHPT version of 
the Mays meter. 
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the vehicle weight, and in the vehicle's operating speed. The use of a 
trailer would stabilize the weight variables, since weight could be constant 
due t? fuel use, (no decrease). A trailer would permit the use of standard 
test t1res, and the shock absorbers and springs in the suspension system 
could be standardized. 
An additional advantage of this configuration is that a tow vehicle 
would not be tied up solely as a roughness measuring unit and the trailer 
could be easily transported, eliminating the need for a Maysmeter unit in 
each test section. The trailer was designed and fabricated in the 
Department's equipment and procurement division shops. 
The trailer-mounted unit results were about 73 percent of the automobile 
mounted unit results. It is believed the differences in the values is due to 
the difference in weight and suspension systems of the vehicles. The 
transmitter unit is mounted on the axle of the trailer. 
This version of the Maysmeter uses, as well as in the Brazil study, the 
electronic distance measuring instrument. The magnets can be mounted in the 
automobile or trailer wheel. 
The standard "z" chart output was replaced by an electronic counter 
system in order to reduce the time n~eded for data collection and processing. 
The electronic counter system is shown in Fig 4.17. As may be seen in this 
figure, the big difference between this electronic counter system and the 
system used in Brazil, is the number of counters. The accumulative counter 
is designed to collect roughness information over a given length of highway 
surface. It is designed to collect information each 0.2 miles and is really 
two counters designed, so that one count is recording information while the 
other is in "hold mode", and the roughness value of the previous 0.2 miles 
may be recorded. 
The length interval of 0.05 miles is only used for calibration or 
correlation to the SDP. 
Maysmeter Variability, Calibration, Advantages and Disadvantages 
Because the basic operating principle of the Maysmeter is the same as 
for the PCA Road Meter, measurement of the displacement between the rear axle 
and the vehicle's body, the Maysmeter measurements are subjected to the same 
variations as those measurements obtained with the PCA Road Meter, which have 
been previously discussed. However, the results from the evaluation carried 
on in Brazil are presented in Appendix E. 
As well as the PCA Road Meter, the Maysmeter requires periodic 
calibration. Appendix F contains three different calibration procedures. 
In comparing any of the Maysmeter version previously discussed" to other 
roughness measuring devices, the following advantages must be considered: 
(1) low initial investment, (2) high operation speed, (3) reduction of the 
amount of data is possible, (4) simple operation system, (5) relatively easy 
to install, and (6) it may be used in any type of road surface. 
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The great disadvantage of the Maysmeter is the need for periodic 
calibration. 
Selecting a Roughness Measuring Device 
Among the devices previously described, the Maysmeter system seems to 
have great potential for being used in the Forest Service roads. Its 
simplicity, versatility, and low cost make the Maysmeter a good candidate for 
selection. When compared to the SDP, which does not require calibration but 
has an excessive acquisition and operation cost (the SDP initial investment 
is almost seventy five times the initial investment of the Maysmeter), the 
decision for the Maysmeter is reinforced. 
The basic difference between the Maysmeter and the PCA Road Meter is the 
simplicity in the measuring system, which seems to be simpler in the 
Maysmeter. This fact must be considered for installation, operation, 
maintenance, and repair purposes. Besides this, the successful use of the 
Maysmeter in aggregate surfaced roads, as was done in Brazil, should be taken 
into consideration. 
Among the three versions of the Maysmeter, either the Brazil version or 
the Texas SDHPT version has a considerable advantage over the Standard 
version: easy reduction of data. The trailer mounted version's initial cost 
is at least three times the cost of the Brazil version. The use of the 
trailer-mounted unit may be recommended for organizations where the Maysmeter 
is used as a periodic roughness road evaluation method. The advantages of 
the standardization achieved with this trailer unit must be carefully 
considered, especially in wide-coverage studies, as the one of the PDMS Data 
Base. A determinant criterion for making this decision would be the future 
availability of funds. Since the influence of the operation factors on the 
measurements variability is now very well understood, a little attention in 
operating the vehicle mounted unit may save unnecessary expenditures. 
If the front panel used in the Brazil version is substituted 
counter system of the Texas SDHPT version, provided with alternate 
a more reliable and economical Maysmeter system may be obtained. 
point the decision is of economical order. 




The aggregate loss phenomenon is a significant factor in the performance 
of aggregate surfaced roads for two reasons: m~n~mum layer thickness 
requirements and high cost of the regravelling operation. 
This phenomenon has been studied in the two major aggregate road 
experiments previously mentioned: the Kenya study and the Brazil study. The 
measuring procedure used in each of them is presented in this section. The 
potential of some other methods as the use of a "multi-pin-truss" or the 
pachometer, is discussed in the second part of this section. Finally, 
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general recommendations in selecting an aggregate loss measurement 
methodology are also provided in this section. 
Aggregate Loss Measurements in Kenya 
On each gravel road test section, a 100 meter (328 ft) length of road, 
typical of the 1,000 meter (3,280 ft) long section in terms of geometry, was 
selected and established with permanent markers. 
A bench mark consisting of a 30 cm, (12 in), s~uare metal plate was 
inserted just outside the 100 meter test section below the gravel surface at 
subgrade level. 
The entire gravel surface between the side drains within this 100 meter 
section was cross-sectioned every four months on a 2-meter by 1-meter grid 
pattern, the longer dimension being parallel to the direction of the road. 
The change in volume of the gravel surface between subse~uent sets of 
results was calculated and converted to a change in mean surface thickness. 
The accuracy of the measurements was calculated by leveling the same 
section three times. The results indicated not only the extreme variability 
between the 100 meters section, but also the variability between results for 
one section taken at different times. 
Aggregate Loss Measurements in Brazil 
This procedure followed the same techni~ue used during the Kenya study: 
use of rod and level to measure thickness over a grid pattern. Different 
procedures were developed for tangent and curve sections. 
For the tangent section measurements, two-50 m, (164 ft), long sections 
were located on each tangent test section. One subsection was provided with 
regular maintenance and the other with nil maintenance. In these gravel loss 
sections, at least 3 benchmarks were established at the area's extremes. 
These benchmarks also served as references for the location of the 
measurement grids. A bench mark consisted of a 1.3 cm (0.5 in) diameter and 
50 cm (20 in), long steel bar, which was hammered into the subgrade, levelled 
with the top of the subgrade and concreted into the subgrade. This techni~ue 
ensured that only gravel 10s8 would be monitored since the benchmark moves 
with the pavement structure as the road settles. Every 3 to 4 months, a 5 x 
1 meter, (16 x 3.2 ft), grid pattern was cross sectioned. The area's width 
was defined by the gravel surface between the side drains, but not including 
the drains. The rate of gravel loss was computed from the difference in the 
average elevation of all grid points over time. 
For the curve section measurements, two subsections, 40 
long each, one with maintenance and the other without it, 
system was adopted because of the difficulty in establishing 
for each measurement cycle. The difficulty arises due to 
roadway grade or superelevation of slight variations in grid 
may cause large discrepancies. The benchmarks and permanent 
m (131.2 ft), 
were used. This 
identical grids 




shown in Fig 4.18, aided in locating the grid at nearly the same position 
each time measurements were taken. 
Two different forms were used to record the information. A header card 
containing constant information for each subsection or interval, Fig 4.19, 
and the form that contains the information collected from the grid 
elevations, Fig 4.20. 
In order to determine the precision of the measurements, two tangent 
sections and two curve sections were selected. The grid was surveyed twice, 
two days apart. The standard deviation of the mean-gravel height of the four 
sections was 6.67 rom. 
In a further exercise, two more tangent sections were divided into six 
50 meter (164 ft), long inte~rals on each of these subsections, one with 
maintenance and the other without it, and used to establish the variability 
of the gravel loss measurements over time. The gravel loss results over a 
5.5 month period, or after about 8,OOO-vehicle-passes for the four 
subsections are as follows: 
Gravel Loss (mm). 
Section No. Mean S.D. 





During the December 1979 brainstorming session with the U.S. Forest 
Service Advisory Committee, the use of a "multi-pin-level" for aggregate loss 
measurements was suggested. Based on this, and on one of the devices used 
for measuring rut depth during the AASHO Road Test (Ref 23), illustrated in 
Fig 4.4, the use of a multi-pin-truss, as shown in Fig 4.21, could be 
proposed for measuring aggregate loss. 
This device, as well as the procedures used in Kenya and Brazil, is 
based on the use of rod and level, but in this case, the elevation of each 
point across the road is obtained from graded scales that run freely inside 






































































































































HI - GEIPOT 
PICR - PAVEMENT STUDIES 
GRAVEL LOSS MEASUREMENT - HEADER -CARD 
Card ID 
Road Number 3 I 
Section Number 8 
Date of Measurement 11 [ I I 
Subsection (SEM or COM) 17 
Interval identification (blank or 'A' to 'F') 
Number of measurements across the road 
Number of measurements along the road 
Staff reading at Bench Mark A (BMA) 27 I 
Pos i tion of SMA (row, column)· 31 I 
Staff reading at BMB 35 I 
position of BMB (row. column)· 39 I 
Standard Bench Mark BM 'A' or 'B' 
Bench Mark within interval YES (S) or NO (N) 
Position of section markers, on the left (E) or "right "(D) side 
in the direction SC 
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Fig 4.21. "Mu1ti-pin-truss" device for aggregate loss measurements. 
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structure, once it has been leveled by means of the screw-adjustable feet in 
each extreme of the structure. The next steps in the operation of this 
device would be to relieve the graded scales and to record the readings. 
The device may be attached to a pick-up or van or may even be carried by 
hand. It could be manufactured in aluminium or another strong and light 
material. 
The elevation of the structure would be obtained in relation to a 
benchmark previously selected. In order to detect the movements of the 
subgrade, the elevation of the benchmarks inserted into the subgrade should 
be obtained. 
The most important advantage of this deVice, compared to the traditional 
methods, is the gained efficiency in taking the measurements. The non-use of 
a transit to create the grid pattern may be considered an advantage, since 
the transverse section can be located by means of prefixed marks (concrete 
benches, flags, etc.). 
Experience derived from the Brazil study shows that the use of rod and 
level is highly susceptible to human error. The use of this method would 
reduce the possibility of human error. 
Pachometer 
During the brainstorming session, the use of a pachometer for measuring 
the layer thickness was suggested. This device has been widely used for 
detecting reinforcement bars in concrete members, determining the size and 
condition of them, and measuring concrete cover. 
The pachometer is a magnetic detector and its basIc operating principle 
is change in magnetic flux. The dial gives readings for vibration in 
voltages as magnetiC flux linkage through test material changes. These dial 
readings can also be correlated on the dial face with figures for concrete or 
other material coverage expressed in inches. 
The pachometer components are the instrument itself, probe, 
interconnecting cable, and charging cable, Fig 4.22. The portable instrument 
set weighs 13.3 pounds (6 kg). Circuitry is all solid state. The pachometer 
is powered by a rechargeable sealed storage battery, which allows for 20 
hours of operation between charging. Operating temperature is 40 to 140 
degrees Fahrenheit. The acquisition cost is around $895.00. 
This device may be used to measure the thickness of the aggregate layer 
by inserting steel plates into the subgrade. These plates would take into 
account the subgrade movements. A problem in the operation of this device 
may be the variability of the density and moisture content of the layer 
material. These factors may affect the magnetic flux and consequently the 
thickness readings. In order to take into account these variables and many 
others that may affect the operation of the Pachometer, a calibration or 
performance test should be conducted. This experiment would provide 
correction factors for the thickness reading according to the density, 
moisture content and probably aggregate type, as theoretically illustrated in 
lO~ 
Fig 4.22. Pachometer. general view. 
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Fig 4.23. In the field, the density and moisture content may be measured by 
using a nuclear moisture-density gauge. 
A study conducted in 1976 by the Pennsylvania Department of 
Transportation, reported by Weber, Grey, and Cady et. ale Ref 32, evaluated 
different devices to measure the concrete pavement thickness and 
reinforcement location. The devices evaluated were of different classes, 
namely: ultrasonic devices, resistivity gauge, which is based on electric 
cur~ent principles, the pachometer, eddy current proximity gauge, and nuclear 
dev~ces. 
The results from the "steel location" experiment were very favorable to 
the pachometer as indicate by the authors: "The pachometer is a highly 
stable and accurate device for determination of reinforcement location. It 
is suitable for use on both plastic and hardened concrete for reinforcement 
depths of less than 5 in." 
The only apparent disadvantage of this device is the low depth of 
operation. Even this, and considering the differences in nature of the 
concrete and the aggregate surfaced pavements, which may affect differently 
the magnetic flux, to perform a pilot study in measuring aggregate layers 
thicknesses is recommended. 
Independently of the potential problems, the use of the pachometer may 
eliminate the use of the rod and level, making the aggregate loss 
measurements faster and more economical. The transit would be used to locate 
the cross sections in the road. 
Other Methods 
Other methods that may be used to measure layer thickness and 
consequently aggregate loss, are the use of core samples and test pits. 
These methods have a great disadvantage: they are destructive methods. A 
second disadvantage of these methods is the additional delay of traffic, 
especially in one-lane roads, for repair works. The great accuracy and 
reliability of these methods must be considered when making a final decision. 
Selecting an Aggregate Loss Measuring System 
The aggregate loss has been traditionally measured by leveling the road 
using rod and level, and comparing these measurements to the original 
elevations. The difference in level determines the aggregate loss. This 
methodology involves a considerable amount of man-hours, and has been used in 
countries where the cost of labor is not as expensive as it is in the United 
States. This fact must be considered in selecting the aggregate loss system 
for the PDMS Data Base experiment. The accuracy of these traditional methods 
must also be considered when making a decision. 
The use of methods such as the "multi-pin-truss" and esally the 
pachometer, must be seriously analyzed, and it is recommended to test them 
during a pilot study. These methods seem to be more economical and more 
Layer Thickness 
Reading by the 
Pachometer 
Density 
Fig 4.23. Theoretical relationship between moisture content. density, 
and layer thickness as measured by the pachometer. 
105 
106 
accurate than the traditional methods. A decision must be made after the 
detailed evaluation of the proposed methods. 
LOOSENESS OF MATERIAL MEASUREMENTS 
Looseness measurements were done in the Kenya and Brazil studies in 
order to. obtain ~he relationship betwee~ thi~ factor an~ the operation cost 
of the veh1cles uS1ng the road. The relat10nsh1p of th1s phenomenon with 
gravel loss and roughness were also investigated. Another possible reason 
for measuring this variable may be to find the relationship, if any, with the 
dusty surface problem, which has become a very high maintenance cost problem 
in the Forest Service roads, as commented on during the brainstorming 
session. Experience in measuring this variable in Kenya and in Brazil is 
presented in the following paragraphs. 
Measurement Procedures Used in the Kenya and Brazil Studies 
The procedures used in Kenya and in Brazil were similar. In Kenya, the 
depth of loose material, as well as the moisture content of the loose 
material, the strength of the surface layer underlying the loose material, 
and the type of loose material, (a visual assessment was made of the type of 
material, broadly divided into clay, silt, sand, and gravel), were evaluated. 
These measurements were carried for unpaved roads, meaning earth roads and 
gravel roads. 
In the Brazil study, depth of loose material was determined for the 
entire road width across two transverse sections within each gravel loss 
subsection. In Kenya, the depth of loose material was done only in the 
wheel tracks as reported in Ref 19. The procedure adopted in Brazil was 
derived from a pilot study, run on six test sections. This study showed that 
measurements from one transverse section to the next were not significantly 
different, but that measurements across the road width were significantly 
different. 
The equipment used for the measurements was: an angle steel frame, 1 m 
x 0.25 m, (3.28 ft x 10 in), used to define the area from which loose 
material was to be measured; a dust pan and wire brush to collect the loose 
material contained within that area; and a measuring cylinder to provide a 
constant mean of measuring the amount of material collected. The equipment 
is presented in Fig 4.24. 
Depth of loose material was computed by dividing the volume of material 
by the area of the frame. Starting at one edge of the road, the frame was 
placed with its major dimension transverse to the axis of the road. In this 
way, the volume of loose material was determined at one meter increments 
across the road's entire width. A record was made of both the volume of 
loose material and the position on the road where the material was collected. 
The moisture content was determined in the laboratory (in Kenya it was 
determined by using a large "speedy" moisture meter). Constant data were 
Frame 
Mea suring Cylinde r 
Dustpan and 
Wire Brush 




recorded on the header card coding sheet, shown in Fig 4.25, and looseness 
measurements on the form shown in Fig 4.26. The original steel measuring 
cylinder was replaced by a plastic cylinder, the scales of which can be read 
from the correct level, resulting in greater accuracy. 
HT - GEIPOT 
PICR - PAVEMENT STUDIES 
LOOSENESS MEASUREMENTS - HEADER CARD 
Card ID 
Road Number 3 
Section Number 
Date of measurement 11 [ 
Direction of increase of cross-section numbers SC or CS 
Number of cross-sections per section 
Distance between cross-sections (m) 
Maximum number of readings per cross-section 
Moisture content at cross-section N9 1 
Moisture content at cross-section N9 2 
Moisture content at cross-section N9 3 
Moisture content at cross-section N9 4 
Moisture content at cross-section N9 5 
Hoisture content at cross-section N9 6 
Moisture content at cross-section N9 7 
Moisture contene at cross-section N9 8 
Hoisture content at cro.s-section N9 9 
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CHAPTER 5. REVIEW AND SELECTION OF THE METHODS 
TO MEASURE INDEPENDENT VARIABLES 
In Chapter 3 the independent variables to be included in the data 
collection experiment for the PDMS Data Base were identified. Those 
variables are: pavement material properties, layer thickness, traffic, 
(including the number of applications and traffic classification), and 
environmental factors. In Chapter 5 the most common methods used in 
collecting information on these four variables are described and evaluated. 
MATERIAL PROPERTIES 
In this section, the methods for characterizing the pavement materials 
are classified based on the type of information they provide. Criteria for 
selecting an appropriate testing methodology are briefly discussed in the 
second part of this section. Finally, a materials-characterization program 
is proposed, to be used in the data collection experiment for the PDMS Data 
Base. 
Types of Material Characterization Methods 
The technology for characterizing pavement materials may be divided into 
two groups based on the type of information they provide: index-type 
methodologies and fundamental-properties methodologies. 
The index-type methodologies (such as the CBR and Atterberg limits) 
characterize the materials in terms of an index value. This index value may 
be used for comparisons of materials within the same general class but it is 
inappropriate for comparisons between classes of materials. This index-type 
or empirical test, generally yields index-properties related to fundamental 
materials properties, such as strength and stiffness modulus. These 
index-values only have meaning on a comparative basis or in terms of 
correlations with fundamental properties. These methods are commonly' used 
and have been closely tied to experience and performance in particular 
locations and are popular due to their simplicity in concept. 
The fundamental properities methods (i.e., resilient moduluS, 
indirect-tensile stress, etc.), furnish information that is used by the 
pavement-design-methodologies based on elastic or viscoelastic layer 
analysis. These design methods have been gaining popularity due to an 
increase in computer capabilities, which are now able to properly handle the 
previously mentioned design methods. The material properties generally 
required by the elastic or viscoelastic layer analysis methods are as follow: 
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(1) Modulus of each layer and subgrade material. 
(2) Poisson's Ratio of each layer material. 
(3) Limit values for strength or deformation. 
(4) Creep compliance. 
With this information, values of stresses and strains, which are 
important for pavement design, may be computed. Among these parameters it 
can be mentioned that the vertical compressive stresses at the top of the 
subgrade, the horizontal tensil~ stress at the bottom of the surface layer, 
the vertical compressive strain at the top of the subgrade, the horizontal 
tensile strain at the bottom of the surface layer, and the deflection at the 
surface of the pavement. 
One use of the horizontal stress or strain calculations at the bottom of 
the bound layer (in the case of asphalt concrete pavements) is for fatigue 
analysis. Vertical strain at the top of the subgrade may be used in 
permanent deformation or rut depth analyses. Vertical compressive stresses 
on the subgrade, and deflection at the surface of the pavement, have been 
used to explain pavement performance. The information provided by these 
methods would allow a better understanding of pavement responses. The 
index-type methods may explain, to a certain extent, one of the pavement 
responses; other responses may not be explained properly by these index-type 
values. 
Pavement materials are not completely elastic or viscoelastic and a 
great number of factors such as moisture content, temperature, denSity, etc., 
may affect their properties. In order to practically characterize the 
materials it is necessary to assume they have simple linear elastic or 
viscoelastic properties. As stated by Haas and Hudson (Ref 10), these 
assumptions lead to approximations, which are, however, superior to the use 
of empirically based tests, and provide a sound basis for application and 
extrapolation of theory. Performing this type of test generally involves 
sophisticated and expensive equipment. 
Criteria for Selecting a Testing Methodology 
In selecting a testing program, four criteria have been traditionally 
considered as follows: 
(1) Ease of testing, 
(2) Reproducibility of test results, 
(3) Limitations and applicability of the information provided, and 
(4) Size of project and variability. 
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Based on the first criterion, many times an "imperfect" test method is 
selected because of its simplicity and the use of inexpensive equipment, 
short test time, short training of personnel or because it is simple in 
concept and easy to understand. As stated by many authors, simplicity and 
low cost should not be the primary basis for selecting a test procedure. 
The second criterion requires a minimization of the variation associated 
with testing. In other words, the method should reproduce test results for 
essentially identical specimens. This variation may be measured by the 
coefficient of variation obtained from laboratory prepared and tested 
specimens of a given mixture. 
When selecting a testing methodology, the limitations and applications 
of the results must be considered. If it is decided to use an empirical 
test, it must be realized that the results will be used in an empirical 
model. This model will produce a design based on experience, that may not 
contemplate many of the possible factors and relationships that should be 
considered. The pavement designed in such a way may perform properly in 
terms of a particular parameter, say, rut depth or roughness, but may 
promptly fail on other factors. This design may also be adequate for a 
certain area, which has uniformity in materials, traffic or environmental 
conditions, but may be inadequate for another location. Based on information 
derived from this type of test, fundamental properties of the materials may 
be obtained to be used in more complete models. These correlations are 
generally valid only for the conditions and range of values for which they 
were established. Checking for accuracy, limita'tion, and adequacy under 
specific conditions is recommended before using such correlations. They may 
be excellent indicators when looking for rough estimates. 
If the information obtained from the test can be used to estimate the 
material fundamental properties, there will exist a wider range of design 
alternatives. It will be possible to check more pavement response 
parameters, and consequently a more realistic design would be produced. The 
assumptions and limitations of these design methodologies should also be 
revised before further applications. 
The fourth criterion: variability of the involved materials and size of 
the project, indicates that the type and number of tests required is a 
function of the size and cost of the project. This variability refers to the 
change in properties of the material from place to place. It may be the same 
material, but it may present slight or wide changes in properties within a 
200 m interval. It is obvious that the more tests carried out, the more 
reliable final estimates or results will be. Also, this variability will 
depend upon the type of material and may be measured by the standard 
deviation. This variability will increase with the size of the project. It 
is expected to have greater variability in a ten-kilometer test section than 
in a one-kilometer section. As the size and cost of the project increases, a 
greater number of tests is more justified. 
In selecting a materials testing methodology for the PDMS Data Base, we 
should include a fifth criterion: type or character of the project. Since 
the purpose of this experiment is to collect data for research purposes, it 
is desirable to collect the maximum amount of information, within an 
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economical range. However, a large amount of information will not ensure the 
success of the experiment. We have to be aware of the quality of the 
information. It is not logical to carry two or more types of tests that 
would produce the same information. It would mean a waste of money and would 
make the analysis complicated. The test methodology must be selected in a 
manner useful in pavement research and one which would produce empirical 
models and the long-term research would produce models based on theory that 
would be capable of predicting pavement responses in a coherent and complete 
way. This does not necessarily mean that from a long term, the Forest 
Service will have to use fundamental properties testing methods for two 
reasons: adequate correlations may be developed, taking into consideration 
the particular characteristics of the Forest Service roads, which may permit 
the use of index-type testing methods. On the other hand, the fundamental 
properties of the materials may explain many of the phenomena that occur in 
the Forest Service roads and that are not being studied. The decision to 
implement an index-type method or "Fundamental-Properties" method will be 
dictated by the accuracy of the models to be developed and for the 
variability concept as well as for the size and cost of the road to be 
designed as well as other factors. 
Materials-Characterization Program 
Based on the previous discussion it may be suggested to 




(1) Use of index-type methods that would be used to develop short-term 
empirical prediction models. 
(2) Use of fundamental properties methods, used for developing long 
term theoretical prediction models. 
These methods would be used to characterize the materials, (subgrade and 
aggregate), in all of the test sections at the beginning of the experiment. 
It may also be of interest to evaluate the properties of the materials 
interacting all together in the form of a pavement structure. In other 
words, it may be useful to evaluate the structural capacity of the pavement, 
which may be another criteria for pavement evaluation. This may be achieved 
by means of deflection measurements, which may be carried out at the 
beginning of the experiment and at different stages in the life of the 
pavement. 
The tests previously discussed will be carried out in the field or in 
the laboratory. The following procedures may be adopted: 
Field Testing. 
tests: 
It is recommended to perform the following field 
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1. Visual Classification. The first step in characterizing the 
pavement materials, will be to perform a visual classification, describing 
the type of material (a general classification code may be established in 
order to assure consistency. This code be the unified soil classification or 
the classification list provided in the National Summary of the FCQ), the 
color, texture and const~tuent materials should be included. 
2. In-situ density measurements must be performed at the beginning of 
the experiment in all the test sections. The measurements will be performed 
for the subgrade and aggregate materials and can be done by using a nuclear 
density gauge (as manufactured by Troxler, N.C.) or any of the traditional 
methods (i.e., sand displacement method, balloon method, etc.). 
3. In-situ moisture content measurements will be carried out to the 
same extent as the density measurements. This test may be carried out by 
using a nuclear moisture-density gauge or by taking samples to be tested at 
the labora tory. The nuclear moisture densi ty gauges have been used 
successfully since the early 70's (Ref 35) for many private and governmental 
road organizations. They can provide fast and accurate measurements, but 
calibration is required. 
4. The last and perhaps most important part of the materials 
characterization program is to collect enough material to perform adequate 
laboratory tests, as discussed in the next section. These samples will be 
obtained from the same test pits dug for layer thickness measurements. 
The number of measurements for density and moisture content on each 
section will be determined from a pilot study where the variability of the 
sample materials will be studied. During the Brazil study, two in-situ 
density measurements were performed. The same applies for in-situ moisture 
measurements. 
Laboratory Testing. It is recommended that the following 
laboratory-tests be performed: 
1. Gradation analysis. The gradation of the material is a factor that 
relates to road stability, p~rmeability, and frost susceptibility. The 
importance of carrying out this type of measurement was emphasized during the 
"Brainstorming Session" and by the C.T. Coghlan Questionnaire. 
2. Atterberg Limits. This popular and world-wide index-type test would 
be performed in the materials for all the sections of the study, including 
primary and satellite studies. Judicious consideration of the liquid limit 
and plasticity index have proved to be remarkable indicators of soil 
performance in many engineering applications (Ref 36). This test is easy to 
perform and it does not require expensive equipment. However, this type of 
test is subject to numerous testing and human errors (Ref 36), such as: 
(a) Difficulty of cutting a groove in some soils, particularly 
those containing sand and mica particles. 
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(b) Tendency of soils of low plasticity to slide in the cup 
rather than flow, as well as a tendency to liquify with 
shock rather than to flow plastically. 
(c) Sensitivity to small differences in the testing equipment 
used, such as the grooving tool, the shape and wear of 
the cam and/or the cup. 
(d) Sensitivity to operator technique. 
The last two disadvantages may be minimized by the standardization of 
equipment and testing procedures. Numerous recommendations have been made 
(Refs 36, 37, 38, 39, and 40) regarding the first two disadvantages, making 
this index-type test method a practical and reliable methodology in spite of 
the mentioned disadvantages. 
The Atterberg limits test would include basically the determination of 
the liquid limit (11), plastic limit (P1) and plasticity index (PI). The 
shrinkage limit may be a complementary value. 
3. Moisture Content-Density Curves. In defining the material 
properties it is important to know the relations between moisture content and 
density of the material, which consequently defines the material strength. 
The methods used to perform these tests have been widely discussed in 
literature, (i.e., Refs 25 and 41), and no further description is provided in 
this report. 
4. California Bearing Ratio (CBR). It is recommended that this 
index-type test method be used for the following reasons: it is a practical 
test; the actual rutting model of the Pavement Design and Management System, 
(PDMS), uses CBR values, and is the moat popular testing method in the Forest 
Service, (results from the characterization questionnaire indicate that the 
CBR is used in almost 60 percent of the national forests). Previous research 
on aggregate surfaced roads (Brazil Study) is based on CBR values; a 
comparison of results may be desirable. 
The test procedure has been described in many publications (Ref 25 and 
41) and only one aspect of the test deserves to be commented on. Two types 
of CBR laboratory procedures are commonly carried out: dry and soaked CBR. 
The dry condition implicates running the test at optimum or at field moisture 
contents. Serious disadvantages exist when carrying out this type of test. 
Among them, the following: The empirical nature of the CBR increases and 
comparison may be made only for a very specific climatological region with 
uniform moisture conditions; no comparison may be made in regions with 
different environmental factors; the moisture contents of the materials, 
especially in aggregate surface or unsurfaced roads, varies considerably not 
only from season to season, but from day to day situation that lead to a 
variability in CBR values (Ref 42). 
These disadvantages are diminished by performing soaked CBR tests, which 
provide a reasonably good and consistent comparison criteria. Values from 
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locations with completely different environmental conditions may be perfectly 
compared and any model based on this method may have wider applications. 
Recent findings by Visser (Ref 2), at the University of Texas, regarding 
the performance of aggregate surfaced roads in Brazil, indicate that in 
determining when the roads are impassable during the wet season, the soaked 
CBR value for the surface layer combined with average daily traffic values 
seems to be a very good indicator. In trying to find material 
characteristics which would explain this phenomenon, the PI and the 
percentage of surfacing material passing the No. 200 sieve were combined 
with ADT and no correlation was found. This could be another reason to carry 
out CBR tests in the data collection experiment. 
5. Resilient Modulus (M ). The resilent modulus is a "fundamental 
property" test, of dynamic nature, and is defined as the ratio of the 
repeated axial deviator stress to the recoverable axial strain. The test is 
applicable to all types of pavement materials ranging from granular materials 
to fine grained soils. The test is conducted in a triaxial device equipped 
for repetitive load conditions. The specimen size is normally 4 inches in 
diameter by 8 inches high. This method seems to be one of the most adequate 
methods, if not the best, for characterizing the materials of the Forest 
Service roads. Other methods of this type, such as the Complex Modulus Test, 
Indirect Tensile Test, Modulus of Rupture, Dynamic (repeated Flexural) 
Stiffness or Diametral Resilient Modulus, seem to be more oriented to 
asphaltic materials, portland cement concrete, and/or stabilized materials. 
Another reason to select this method is the fact that research in 
pavement Design Methodology in Chapter 50 is actually being conducted based 
on the Resilient Modulus test. The standardization in the research performed 
or sponsored by the Forest Service is highly desirable. As stated by Kennedy 
(Ref 43), on a poor-fair-good scale, the reproducibility of this test is 
evaluated as good. 
Recent findings by Visser (Ref 2) have demonstrated that the resilient 
modulus may be very well correlated to parameters such as the Atterberg 
limits. If this correlation is properly validated, the potential benefits of 
using this testing method in the data collection experiment are of 
considerable value. 
6. Additional information on aggregate properties may be collected. 
Among these properties, which may lead to useful correlations between the 
deterioration models and the type of aggregate, there are the soundness and 
the particle shape. These two characteristics seem to be the most 
important. 
7. Deflection Measurements. These measurements are used to evaluate 
the structural capacity of the pavement. They provide information regarding 
the real working conditions of the pavement, taking into account the 
properties and characteristics of the pavement materials and their 
~nteractions, as well as interactions with the environmental variables. In 
the case of aggregate surface roads, regraveling of the surface or grading 
the road may change the original design conditions, and consequently the 
pavement structural capacity. The use of a method to practically and 
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accurately measure the change is desirable. Also, deflections measurements 
may be used to collect information on the materials properties with time. 
Another advantage of this type of test is that it is a non-destructive test, 
and from the results of these deflection measurements, the fundamental 
properties of the layered materials may be evaluated. 
Many devices have been developed for performing deflections 
measurements, and some of them are briefly described in Appendix G. 
The information derived from these measurements may be used in two ways. 
First, comparison of maximum deflection for different pavement structures may 
be made to get an idea of which pavement is stronger. Also, this comparison 
m~y be made based on deflection of the pavement at different stages along the 
11fe of the road and determine when the pavement structure is at its 
strongest or weakest condition. This alternative seems to be easy and 
practical in concept, but because of the great variability of the factors 
that may affect the value of the deflections, the correlations that may be 
obtained, if any, would have very limited applications. Among these factors, 
we can mention temperature, moisture content especially in gravel surface or 
unsurfaced roads, season of the year, frost-penetration combination of layer 
thicknesses, and type of materials. These correlations would have an 
empirical nature and would be applicable only in areas with common 
environmental variables, as well as similar pavement materials and similar 
pavement designs. 
The second approach in using the deflection data would be that, based on 
the characteristics of the deflection basin, the fundamental properties of 
the materials were computed, and then used in elastic layer analysis to 
estimate the limiting loads on the road or the required re-surface thickness. 
The applicability of the models based on this analysis will have a wider 
range of applicability and would be of greater benefit in the management of 
the roads, especially under thawing ccnditions. In doing this, many 
methodologies may be used such as the one proposed by Irwin et al (Ref 44). 
Among the devices that may be used to measure deflections, three of them 
seem to have the greatest potential, namely: the Dynaflect, the Road Rater, 
and the Falling Weight Deflectometer (FWD). The first two devices apply a 
dynamic vibratory force, with a maximum value of 1,000 lb for the Dynaflect, 
and 8,000 lb for the Road Rater Mod. 2008. 
The loading concept in the FWD is based on the drop of a weight from a 
height varying from 0 to 40 cm., producing a maximum dynamic load around 
15,000 lbf. In evaluating these features, the following factors should be 
considered as reported by Irwin et al (Ref 44): It has been observed in the 
laboratory that the response of highway materials to repeated loading 
differs, depending upon whether the load is applied continuously (sine wave) 
or intermittently (pulse load with rest period). Apparently some creep 
recovery takes place during the rest periods, and if they are longer than 
one-half second or so, notable differences in fundamental properties may be 
obtained. Based on this laboratory experience, it is clear that pulse 
loading systems should be preferred. Pulse loading would certainly more 
closely resemble the passing of individual vehicles than would continuous, 
sinusoidal loading. Another concern in the use of the sinusoidal loading 
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devices is the "appropriate frequency" at which the pavement should be 
tested. According to Irwin, pavements tend to exhibit a maximum deflection 
at a resonant frequency that is generally in the vicinity of 6 to 25 Hz, and 
typically at about 10 to 15 Hz. The factors that determine the resonant 
frequency for a given pavement are not well understood at the present time. 
The fact that no load frequency is included in the FWD operation may be a 
factor that would induce preference for the FWD over the Dynaflect or Road 
Rater, because uncertainty associated with the test is being reduced. 
In simulating the loading process due to a moving wheel load, field 
studies have shown a response time in the surface layer of 25 to 30 
milliseconds for vehicles moving at approximately 40 miles per hour. The 
response pulse has been observed to be shaped nearly like a sine wave, or 
more correctly, a haversine wave. To provide loading time consistent with 
the measured response requires a frequency in the range of 17 to 20 Hz. The 
FWD has a loading rate of 28 ms. pulse, which satisfies the desired features 
previously mentioned. The Dynaflect operates on a frequency of 8 Hz and the 
Road Rater in a range from 5 to 50 Hz, depending on the model. 
The three devices are trailer mounted and may be towed by any light 
vehicle. The Road Rater model 400A may be mounted in the back of a van. The 
speed of operation is practically the same as well as the operating 
requirements (a minimum crew of 1 person is required and the optimal crew is 
composed of 2 persons, with the exception of the dynaflect equipped with a 
printer which requires only one person). Because the operation principle of 
the FWD is simpler than the Dynaflect and Road Rater, the equipment by itself 
is consequently simpler. This is important for maintenance purposes, 
although no major problems have been reported in the operation of the 
Dynaflect or Road Rater. 
The accuracy of these three devices was evaluated by Bush and reported 
in Reference 45. An average error of 5.48 percent for the five velocity 
sensors was found for the Dynaflect. Those values were computed from the 
difference of the dynaflect values and a known input or deflection divided by 
the known input. In the case of the Road Rater Mod. 510, the main 
percentage error at a frequency of 10 Hz and 20 Hz was -26 percent and 5.3 
respectively. The accuracy of the FWD was evaluated by placing the WES 
16-kip velocity sensor beside the sensor of the FWD and comparing the 
results. A correlation was found and is expressed as: 
WES1b Deflection = 0.95151 (FWD Deflection) (5. 1 ) 
The Dynaflect and Road Rater are more economical devices when comparing 
the acquisition cost, as shown in Table 5.1. This information comes from 
Refs 44, 45, and 46. This difference is reduced when comparing the yearly 
operating cost as reported by Bush (Ref 45), and shown in Table 5.2. 
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TABLE 5.1. DEFLECTION MEASUREMENT DEVICES 
Acquisition Cost (Ref 44, 45, and 46) 
Irwin Bush Eagleson 
Device Aug 79 Aug 79 Mar 60 
Dynaflect, 8 Hz 25,000 16,000-19,000 18,500-25,000 
Dynaflect, 12 Hz N.A. N.A. 50,000 
Dynaflect, 5000 lbf N.A. N.A. 150,000 
Road Rater 40,000 40,000 40,000-48,000 
FWD 40,000 28,000 60,000 
TABLE 5.2. DEFLECTION MEASUREMENT DEVICES 
Yearly Operating Costs (Ref 45 - Aug. 79) 
No. of 
Device Tests/Day Days/Year Cost/Year 
Benkelman Beam 150 134 $26,800 
Dynaflect 
Digital 640 31 3,100 
Standard 384 52 10,400 
FWD 320 63 12,600 
Model 400 Road Rater 480 42 8,400 
Model 510 Road Rater 480 42 8,400 
Model 2008 Road Rater 480 42 4,200 
Note: Based on 20,000 tests per year and a $100 per day labor charge. 
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Based on the information previously analyzed, the use of the FWD for the 
data collection experiment is suggested. If availability of funds is short, 
the use of a Road Rater or ~naflect would be adequate. 
Deflection measurements would be carried out in the sections of the 
primary study, and it is desirable in the satellite studies. In order to 
minimize the strong effects of moisture content in the pavement material, a 
correlation study could be carried out during the pilot study. 
LAYER THICKNESS MEASUREMENTS 
The great significance and influence of the layer thickness on the 
pavement performance and behavior may be easily understood. In any pavement 
study it is mandatory to have reliable layer thickness data before the 
traffic starts running over the experimental sections, whether new or old. 
Potential procedures for achieving this are discussed in the following 
paragraphs. The procedure adopted during this Brazil study is briefly 
cOnUnented on. 
Potential Measurements Procedures 
Severalmeasur~ment procedures may be applicable, some of which have 
been described in the aggregate loss section and include the use of core 
samples, test pits and bore holes. The remaining methods proposed in that 
section, such as the use of rod and level, the "multi-pin-truss" method, and 
the pachometer, are especially applicable for periodic layer 
thickness~measurements. In the case of the original layer thickness 
measurement, this thickness needs to be as accurate and reliable as possible, 
and a physical or direct measurement is recommended. In doing this, the use 
of test pits appears to be the most appropriate procedure. These test pits 
may be dug at both extremes of the experimental sections located on the 
expected traffic wheel path and outside of the test section in order to avoid 
disturbing the ,material of the section. The number of test pits needed will 
be dictated by the variability of the results from the pilot study. An 
initial alternative will be to dig one pit in each extreme of the section as 
shown in Fig 5.1. If the results obtained are not satisfactory, two ,more 
test pits would be required, Fig 5.2. In each case, one or,more test pits 
may be dug at the ends of the test section, however, this part ,may not be 
useful for further measurements such as roughness, aggregate loss, or rut 
depth measurements. If it is used, the inclusion of an alteration factor 
needs to be contemplated for the analysis phase. The layer thickness 
measurements need to be performed in both old or new roads. In the case of 
the new roads, they may also give an indication of the construction quality. 
The dimensions of the test pits may be, as in the case of the Brazil Study, 
1.00 m x 1.00 m (3.28 ft x 3.28 ft). The depth will obviously vary with the 















































































































































































































































































































































































Layer Thickness Measurements in Brazil 
During the Brazil study, three test pits, as shown in Fig 5.3, were used 
on the aggregate surfaced roads and unsurfaced roads. The average thickness 
of the layer was measured to the nearest centimeter. We should remember that 
the test section in Brazil was divided into 2 subsections; one with nil 
maintenance, and the other with regular maintenance and between them a 
transition zone was defined. Notice that the third pit is located in this 
transition zone. From the pilot study conducted for the Brazil Study, it was 
~hRwn . that trying to measure the layer thickness using a bore hole, 10 cm 
\4 ) d~ameter·, was not convenient. 
TRAFFIC MEASUREMENTS 
The traffic on a road is an independent variable that has been of 
primary concern when designing any type of pavement. This fact has been 
confirmed by the five major information sources described in Chapter 3. 
During the "Brainstorming Session" it was concluded that among the 
traffic variables, the number of applications and the classification or 
distribution of the traffic should be included in the primary stud1. The 
sensitivity analysis of PDMS ranked Traffic (No. of applications) as the 
·most important variable for this computer program. According to the results 
of the C.T. Coghlan questionnaire, the group of traffic variables has 44 
percent of its variables ranked from 4.7 - 4.0. Among the traffic variables 
the most significant are, according to Table 3.3, the following: number of 
load repetitions, wheel loads, seasonal distribution of the traffic, and the 
AASHTO equivalence factors. Finally, during the Kenya and Brazil Studies, 
the traffic, (No. of applications), was carefully monitored as well as the 
.distribution of the traffic. According to this, the two major traffic 
variables which should be monitored in our study are: (1) number of 
applications and (2) classification of the traffic. Besides these variables, 
and due to the variability of traffic on the Forest Service roads within the 
year, it is important to collect information related to the season of use. 
In this section, the procedures that may be used to collect traffic 
information, regarding the quantification and classification of the traffic 
flow, as well as the vehicle loads are described with comments. The 
methodology adopted in Brazil is briefly discussed. 
Quantification and Classification of the Traffic Flow 
Basically, there are two methods for counting traffic: (1) mechanical 
or automatic and (2) manual. A third and relatively new technique, using 
common super-8 movie equipment is also evaluated in this part. 
Mechanical Counts. Mechanical counters should be considered (Ref 47) 
for most counts requiring over 12 hours of continuous data at a single 

















































































































































































simple tabulation is needed for the number of vehicles (no separation of 
vehicle type, direction, etc.). 
Mechanical counters may be divided for the recording duration into 
portable mechanical counters and permanent mechanical counters. Both types 
of devices are briefly described and evaluated in the following pages. 
The portable counters are commonly used to collect traffic volumes for 
an hour or less, during a collection period ranging from a day to a week. 
Permanent counters are used to record traffic continuously. 
There are three types of portable counters, as follows: 
(a) Junior counter. It is a continuous type counter with a visible 
dial and uses a dry cell battery. 
(b) Period counter. This counter is provided with a time clock which 
may be set to turn on at any specific time, and then to run it only 
for a definite length of time. 
(c) Senior counter. This type of counter contains a clock, a 
reset-type counter, a stamping and/or punching machine or counter 
pens, a roll of tape or a circular chart, and a battery, wet or dry 
cell. 
The printed tape senior recorder stores the impulse in an accumulating 
register and upon clock actuations~ prints the results on a continuous adding 
machine tape. Typical printed tape recorders print either at 15-minute 
intervals or every hour. In either type, at the end of each hour the counter 
is automatically reset to zero. 
Another type of printing device is the circular chart recorder which can 
record volumes from zero up to 1,000 vehicles for intervals of 5, 10, 15, 20, 
30 and 60 minutes. These can be recorded for 24 hours or up to seven days, 
depending upon the equipment. The traffic counter pens move out on the graph 
in response to vehicle actuation, and upon determination of the preset 
counting period, the pen arm resets to zero position in the center of the 
graph. 
Punch tape recorders are also used as a recording device and have the 
advantage that the tape from this type of counter can be processed in the 
office through a translator which, when connected to a keypunch machine, will 
produce punch cards or tape for computer tabulation. 
The three types of portable counters previously mentioned use pneumatic 
road tubes from which air impulses are received due to moving traffic and 
transmitted to the counter, which logs one vehicle for each two impulses. 
The road tube consists of a flexible, rubber hose fastened to the pavement at 
right angles to the path of expected vehicle travel. One end of the tube is 
sealed, and the other end is attached to a pressure actuated switch. The 
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passage of a vehicle wheel over the tubing displaces the volume of air, 
thereby creating a detectable pressure at the switch. This presure causes 
switch contacts to complete an electric circuit and actuate the recorder. 
In placing the road tube the following recommendations must be observed: 
the tube should be clear of the turning paths of vehicles to reduce multiple 
counts due to a single vehicle crossing the tube at an angle. The road tube 
should not be placed in an area subject to skidding or subject to heavy 
acceleration or braking. The pav~ent surface should be as smooth as 
possible and free of holes that could lacerate the tube. This requirement 
seems difficult to satisfy in aggregate surfaced roads. 
A serious limitation of this kind of counters is the inability to 
classify vehicles as well as over-counting due to vehicles with more than two 
~x~es. Other limitations include; (1) battery life, which is a problem; 
\2) vandalism may be a major concern; (3) the presence of snow or ice on the 
pavement may inhibit or render useless the road tube as a detection device 
and it is vulnerable to tire chains, snow plows, and skidding vehicles. The 
use of these counters is basically limited to asphalt or portland cement 
concrete pavements and according to Box and Oppenlander (Ref 47), the 
accuracy of the road tube counters is seldom greater than 90 percent. 
The Permanent Mechanical Counters may use 
sensing devices including: road tube, 
photo-electric, radar, magnetic induction loops, 
detectors. 
a variety of detection or 
electric contact plates, 
ultrasonic, and infra-red 
Some permanent installations have only the sensor located at the 
counting station, and the impulses are transferred to a central location for 
recording; transmission is via leased telephone wire, radio, or other means. 
Other systems use a separate manual pickup of tapes that are taken to the 
central office. 
Due to the limitations of the road tube detector, it is practically 
never used in permanent counting. A brief description of the other detectors 
is provided in the following paragraphs. 
The electric contact plates type of detector uses a steel base plate 
over which a molded and vulcanized rubber pad holds a strip of suspended 
spring steel. A temporary type consists of metallic contacts separated by 
air and a gum rubber spacer. The electric contact detector is easy to 
install, but vulnerable to traffic hazards. 
The photo-electric detector detects vehicles as they pass hetween a 
source of light and a photocell. Because of the great variation in vehicle 
body design, it is difficult to find a suitable beam height above the ground 
that does not count axles of combination units or window posts of passenger 
cars. The photocell is a simple and reliable system but is limited to 
light-volume roads because of accuracy problems, and its inability to 
distinguish individual lane volumes. 
The radar compares the frequency of a transmitted signal with the 
frequency of the received signal. Wherever a frequency difference exists a 
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moving vehicle is detected. Radar devices are not subject to deterioration 
from traffic wear, and are accurate and reliable. However, as stated in 
Ref 7, their initial cost and some aspects of maintenance are higher than 
many other traffic counting devices. 
The magnetic detector registers a signal or impulse caused by a vehicle 
moving through a magnetic field. The unit is neither subject to 
deterioration from traffic wear nor particularly vulnerable to traffic 
hazards or snow or ice. However, and especially in urban areas, nearby heavy 
electrical installations or underground cables can make use of this type of 
detector difficult, if not impossible. 
The induction loop is a variation of the magnetic detector and depends 
upon a change in the electric inductance of a rectangular wire loop buried 
under the pavement surface to detect passages of vehicles. When necessary, 
separate loops may be installed in adjacent lanes, or a longer loop may 
extend across more than one lane with the disadvantage that the detector 
won't be able to count the vehicles per each lane. 
This type of detector is particularly applicable for installations in 
the base course of a new pavement before application of the surface. 
The ultrasonic detector uses an ultrasonic wave generated by a vibrating 
diaphragm and can detect both moving and stopped vehicles. It is not subject 
to traffic wear, snow or ice, or vulnerable to traffic hazards. It is 
accurate and reliable but has a high initial cost. 
The permanent counter sensors have certain limitations as described 
under Portable Counting Equipment. The chief disadvantage is the inability 
to identify different types of vehicles. 
Manual Counts. By using this type of traffic counting system, 
information as detailed as required may be collected. This information may 
include: vehicle classification, total number of applications, direction of 
travel, state license, etc. One important factor that may be checked in the 
Forest Service Roads is the percentage of loaded and unloaded truck, which 
could make a big difference in the pavement design due to the heavy loads 
typical of these roads, (we say checked because it is expected that 50 
percent of the trucks will be loaded and 50 percent unloaded). 
The most important disadvantage of this system would be the excessive 
cost, which includes basically salaries, transportation and the provision of 
a shelter for the observer, for the duration of the measurements. 
Camera Counters. The great advantage of this system is that the 
information s recorded and can be consulted as many times as needed. The 
information is collected with great detail as in the manual counts but with a 
considerable saving of man-hours. 
This type of equipment has been 
order to collect information and 
reported by Clark and Oglesby et aI, 
intervals of one, two, three or 
used in the construction industry in 
data for work improvement studies, as 
(Ref 48). Single pictures are taken at 
four seconds, (60, 30, 20, 15 frames per 
129 
minute), for long periods of time. Exposures are made at precise intervals 
so that elapsed times can be computed accurately as a product of the number 
of. pictures and the photographic time interval. The film may be reviewed 
uS1ng a common editor or frame-by-frame projector or by means of a special 
projector where the projection speed may be varied from 1 frame per second to 
18 frames per second. 
The time lapse technique is relatively inexpensive. A common super 8-mm 
film is 50 feet long and has 3,600 frames. If we shoot continuously at 
intervals of one frame each three seconds, the film will last 3 hours and 
will take 10 minutes to review it at a projection speed of 6 frames per 
second. The cost of the film is around $5.60 and for developing the common 
charge is $3.40. A disadvantage is the necessity of changing the film, 
perhaps 2 or 3 times per day. This problem may be solved by using a detector 
(previously described), which actuates the camera, saving a considerable 
amount of film and consequently making the film review, handling and storage 
easier and less expensive. This detector could be a photo electric cell or a 
road tube placed on a smooth surface in order to protect it from the traffic 
hazards, (this surface could be of cement portland concrete surface, asphalt 
concrete or even wood). The electric or magnetic detector may be also used. 
The equipment consists of a super 8-mm camera provided with a timer 
device, a tripod, and a projector provided with a timer device that controls 
the projection speed. The equipment is manufactured by Timelapse, Inc., Palo 
Alto, California, and the cost of the standard camera is around $1,800; the 
projector has a cost of around $1,900. There is also a special camera that 
1nserts a small clock in the film, costing around $3,300. This type of 
equipment has been used to measure traffic for different private and 
government offices, including some forests in Region 6. 
Special attention should be paid to the location of the camera, it must 
be located higher than the object being photographed and should show as 
clearly as possible the number of axles of the vehicle. For this, an 
appropriate angle must be found. The camera may be placed on the top of a 
hill or on a specially constructed scaffolding or frame. If dust should be a 
problem, this could be avoided by spreading water on the section where the 
camera has the best view of the vehicle. In order to keep the moisture 
condition of the experimental section stable, the camera may be placed at the 
beginning or end of this section. 
One alternative for measuring the number of applications and for 
classifying the traffic is to continuously count the number of vehicles using 
one of the traffic detectors previously described and periodically 
classifying the traffic using either a manual count or a photographic count. 
This period will be a function of the expected variability in the amount and 
type of vehicles on the road, i.e., holiday, timber hauling or winter season. 
This periodic sampling could be, for example, continuous for one week or one 
month, or broken into days per week or per month from 5:00 a.m. to 7:00 p.m. 
This would be established for each section based on the results of a pilot 
study or by the results obtained for measurements taken continuously or at 
smaller intervals. 
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The accuracy of this traffic-measurement procedure may be obtained 
during the pilot study, comparing the results from continuous measurements 
with the predictions based on measurements taken during a month, 2 weeks per 
month, or one week per month. A correction factor for each case will be 
obtained. 
This system is obviously less expensive than the continuous method and 
its accuracy and reliability will be tested during the pilot study. 
The procedure used in Brazil to collect traffic information on the 
unpaved roads is described in the following paragraphs as stated in Ref 49. 
Very little traffic counting information was available at the start of 
the experiment for the unpaved road sections in the study area. Therefore, 
traffic count information was collected in two stages. The first stage 
involved installing non-recording traffic counters at each test section. 
Initially, Streeter Amet Model Jr., traffic counters, activated by pneumatic 
road tubes were tried, but difficulty was found in adjusting the system so 
that fast moving passenger cars and slow moving, heavily laden trucks would 
be counted correctly. Also, the road tubes easily became damaged by loose 
stones, and they were also extremely prone to vandalism. Consequently, this 
type of traffic counter was not used further. Instead, Fisher Porter Model 
3000 traffic counters, activated by induction loops buried in the road, were 
used. These counters were installed at each section for a minimum of six 
weeks. This permitted a comparison of results over three periods of two 
weeks to check for consistency, since an inspection cycle of two weeks was 
used. In those cases where extreme variability was encountered between 
periods, the counting period was extended by a further two or four weeks. A 
good estimate of the average daily traffic was obtained using this procedure. 
The second stage of the traffic collection effort consisted of a manual 
classification count taken during a 16-hour period per day and over a 7-day 
period. Counting from 05:00 to 21:00 encompassed more than 85 percent of the 
traffic, which was sufficient to obtain a vehicle class breakdown. The 
DER-MG obtained 7-day, 24-hour counts on the sections under their 
jurisdiction. In some cases, because of logistics problems, classification 
counts were only obtained during a 3-day period for 12 hours per day. 
During the Brazil Study, for purposes of the experiment of related speed 
and fuel consumption, a traffic flow data logger was utilized in order to 
measure some variables associated with geometric design. Planning and costs 
were measured as well. This type of installation serves our purpose and is 
described in Ref 50. 
Quantification of the Vehicle Loads 
Once the different types of vehicles on the road have been identified, 
(Fig 5.4 shows the vehicle classification for the AASHO Road Test and Fig 5.5 
shows the vehicle classification in the Brazil Study), the next step will be 
the measurement of the axle loads. 
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Fig 5.5. Vehicle classification as proposed during the Brazil study. 
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There exist basically, two methods for doing this. The first one uses 
portable static weighers (platform scales or wheel-load weighers), and the 
second uses weighing in motion (WIK) systems. These two procedures have an 
easily identifiable range of application which is determined by the volume of 
traffic on the road. The results from the "Forest Characterization 
Questionnaire" indicated that in almost 70 percent of the aggregate surfaced 
roads, the average daily traffic is less than 50 VPD; in 20 percent of the 
roads the ADT is between 50-100 VPD; and only in 7 percent of these roads the 
traffic is greater than 400 VPD. Based on this, the use of portable static 
weighers seems to be more than adequate. This preference may be reconfirmed 
when comparing the acquisition cost of these devices: a portable wheel 
loader costs about $1,300, and the weight in motion system around $55,000. 
Also, the static weighers are more accurate. The accuracy of the weigh-in 
motion system was evaluated in relation to the platform scales and wheel-load 
we~ghers' accuracies as reported by Machemehl, Lee and Walton, et al (Ref 
51). From this study, it was concluded that with approximately 68 percent 
confidence, the in-motion weighing system can estimate static vehicle weights 
with the accuracies shown in the following tabulation: 
Basis For Expected 
Static Weight Accuracy 
Weight Comparison of WIM,% 
Gross vehicle weight Platform scales + or - 5.8 
Axle weight Platform scales + or - 10.8 
Wheel weight Wheel-Load weighers + or - 13.6 
During the Brazil Study, traffic on roads carrying less than about 800 
vehicles per day was weighed using two wheel weight scales at the same time. 
Only on the most heavily trafficked paved road sections was the WIM system 
used (more than 1,000 VPD). This is another reason that will induce, use of 
the portable weighers. The point at which the WIM should be utilized will 
result from a cost anal~sis, comparing the operation cost of this system 
(including acquisition cost) with the delay time of the road users, data that 
is not a part of this research. However, more details of the WIM system may 
be found in Refs 51 and 52. A brief description of the wheel-load weigher 
and platform scales are contained in the following pages. 
Traditional damage to the pavement by passenger cars and light vehicles 
is negligible compared with that caused by heavy and medium load vehicles. 
For this reason, many axle-load surveys conducted by various agencies (Ref 
53) reveal that light traffic is not weighed, and only medium and heavy are 
sUTVeyed. 
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Before making a similar decision in the case of the data base 
experiment, the following factor should be considered: the results from the 
"Forest Characterization Questionnaire" indicates that more than 60 percent 
of vehicles in the Forest Service roads are classified as "passenger cars and 
pick-ups." It should also be considered that these light vehicles travel at 
higher speeds than the heavy duty vehicles, a fact that would make no 
difference on the performance of paved roads, but in the case of aggregate 
roads, this could be a factor that affects the performance of these roads, 
especially the "aggregate loss" parameter. For these reasons, it is 
recommended to take axle load measurements of these vehicles, but perhaps not 
with the same periodicity or to the same extent as the measurements of the 
medium and heavy vehicles. 
Another important reason for doing this is that the increment in cost 
for measuring these light vehicle axle loads is negligible when compared to 
the cost of measuring heavy vehicles. Let us assume that we have a road with 
an ADT of 100 vehicles (from the results of the Forest Characterization 
Questionnaire it was shown that 94 percent of the aggregate surfaced roads 
have an ADT of 100 or fewer vehicles). If we conservatively consider that 
the traffic will be distributed over 10 hours, it would mean an average of 10 
vehicles per hour. When comparing this figure with the productivity of an 
axle-load survey crew, which is normally around 60 vehicles/hour (Ref 54), 
there is plenty of time to perform this measurement without incurring any 
extra cost. The only extra cost will be the one associated with the 
processing and handling of data. 
The TRRL recommends (Ref 7) that axle load surveys be carried out for 
seven consecutive days for 24 hours a day. If preliminary traffic counts 
show a negligible vehicle flow at night, or if local difficulties make night 
working impossible, the survey period may be reduced, but even then, vehicles 
should be surveyed for at least 16 hours a day. Surveys of less than seven 
days are not recommended. The surveying daily-period should be determined in 
our case after a preliminary traffic count. 
Another important factor that should also be considered and was 
previously mentioned is the fact that the traffic traveling in opposite 
directions will have different axle loads. This fact is particularly 
significant in the Forest Service Roads and for this reason, it is 
recommended to measure the axle-loads of the vehicles when they are loaded 
and unloaded; a good control may be kept by recording the license plate 
number of the trucks. 
During the Brazil Study, the axle weights were measured on six study 
sections by means of two wheel-load weighers, twice, two years apart. The 
results verified the variability of measurements and weight distribution 
during the project. Weight distribution analysis of the repeated 
measurements showed no significant difference at the 95 percent confidence 
level as stated in Ref 20. 
The TRRL, recommends based on its experience in axle-load surveys in 
roads of developing countries, (Ref 54), that the team work in three 
eight-hour shifts. The crew required for only making axle-load measurements 
should consist of at least three people. One person is required to control 
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traffic on the road and to direct vehicles into the weighting area. A second 
person is required to direct the vehicle within the weighing area to drive 
slowly onto the weigh-bridge or to place the portable wheel-load weighers in 
position. A third person is needed to record the wheel-loads and truck data. 
Adequate shelter protection should be provided. 
Wheel loads can be recorded on special forms, as the one shown in 
Fig 5.6. Note that wheel loads are recorded and not axle loads. It is 
assumed that on the average, the axle load is twice the wheel load. The 
inf0!U1ation required for the column "Axle Config.", is provided by the 









(1) Moisture conditions 
Hudson et 
may affect 
(2) Temperature conditions 
(3) Solar and atmospheric conditions 
(4) Site geological conditions 
al (Ref 10), there are several 
pavement behavior and performance, 
The first two factors receive primary consideration in 
procedures. 
most design 
Although the importance of these environmental factors or variables are 
recognized by pavement designers, their characterization in any fundamental 
manner has proven to be a most difficult task. Some basic reasons include 
within-site variations of factors, site-to-site variations, time variations, 
interaction of factors, and a lack of understanding as to what component of 
the factor is most important and how it should be measured. 
Environmental variables are usually handled for pavement design purposes 
in an empirical, qualitative way or are characterized in an empirical, 
aggregate manner by using one overall type of environmental coefficient or 
factor. A major example is the "regional factor," R, included in the AASHO 
Design Procedure (Ref 7). In some other methods (Ref 57), the environmental 
factor is taken into account in the prediction of performance. Basically, 
performance curves are predicted, both for traffic-associated deterioration 
and for environmentally associated deterioration. Then, at any particular 
point in time, the present serviceability of the pavement is calculated as 
the sum of serviceability loss due to environment plus serviceability loss 
due to traffic. In the following pages, the effects of moisture and 
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TRANSPORT. and ROAD RESEARCH LABORATORY 
OVERSEAS UNIT Sheet Number I B I 
AXLE LOAD SURVEY 
SURVEY DATE J 
REGIS AXLE WHEEL LOADS (TONNES) COMMENTS TIME 
TRATION CONFIG. I 2 3 4 5 6 7 
. 
I 
Fig 5.6. Axle load survey field form as proposed by the TRRL (Ref 54). 
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temperature on the pavements, as well as alternatives to measure these 
parameters in the experiment, are discussed. 
Moisture Conditions 
One of the most wide-spread problems in some of the modern roads as well 
as in the first roads built in the world, seems to be the lack of adequate 
drainage. 
Moisture variations in the pavement structure might be 
respect to two general classifications, according to 
I..Ref 10): 
considered with 
Haas and Hudson 
(1) External to the pavement (i.e., rainfall amount, intensity and 
duration; snowfall amount, intensity and duration, site drainage 
conditions, water table, etc.) and 
Within the pavement and subgrade (i.e., 
laterally, longitudinally, type and 
layer, particular location, vegetation, 
etc.). 
variation with time, depth 
depth of pavement component 
type of subgrade material, 
The range of variability of these factors is so wide, 
change with the hour of the day. To collect data for each 
would require a huge effort and large amounts of money. 
variables, the design engineer generally designs for 
conditions. 
that they may even 
of these variables 
In facing these 
the worst expected 
In the C. T. Coghlan questionnaire, the importance of moisture content 
of the pavement structure is manifested in Table 3.3 where the factor, 
"effect of moisture on subgrade strength" is ranked as the most important 
factor in the deSign of aggregate surface roads; this fact is reconfirmed in 
the same questionnaire by the factors: "how moisture of subgrade varies 
through the year" and "seasonal distribution of rainfall," ranked third and 
eighteenth in the previous table. 
Traditionally, the moisture factor has been indirectly considered by 
means of the amount of rainfall precipitation in previous pavement 
experiments (Kenya and Brazil Study). One reason for doing this is that 
measuring rainfall is relatively easy and expensive. Also, rainfall may be 
considered as the most important source of pavement moisture. 
The external effect of rainfall on the properties of portland cement 
concrete pavement (FCC) or asphalt concrete pavements (AC), may be negligible 
because the external surface is considered waterproof. In the FCC pavements 
or in the AC pavements the effect of rainfall may be accentuated due to the 
existence of cracks or open joints that would allow the infiltration of water 
from the top to the bottom of the structure. These defects have been studied 
in such depth that with an adequate design and maintenance policy, there can 
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be much reduction of this potential damage. The most important effect of 
mOisture in these pavements is produced by the accumulation of water in the 
proximities of the road. 
In aggregate surfaced roads, the effect of rainfall on the moisture of 
the pavement structure and subgrade is as serious as in the previously 
mentioned pavements, and is strongly accentuated because of the lack of a 
waterproofing surface. This factor would allow the water to easily 
infiltrate from top to bottom of the structure when the road is wet and loads 
aFe applied. The behavior and response at the road could be completely 
dlfferent than when it is dry. Also, rainfall would affect considerably 
those parameters to be monitored such as aggregate loss, rut depth, etc. 
Another reason for giving such importance to the rainfall measurement is that 
its erosive effect is more destructive on aggregate surfaced roads than on 
PeC or AC pavements. This fact was mentioned during the "brainstorming 
session," and an extreme case is presented by Ref 58. 
Measuring the amount of precipitation during the experiment may be done, 
first, by using the information provided by the U.S. Weather Stations or the 
Forest Service Weather Stations. It is desired that these stations be 
located as close as possible to the test section. 
A second approach to measuring precipitation would be to carry out 
accurate measurements in the test section during a certain time, and 
correlate them to the measurements taken at the weather stations. A 
correlation, or correction factor, would thus be found. This approach may be 
used when there is a doubt about the applicability of the information from 
weather stations, because of different location or different general 
conditions. A pilot study in each possible test section would need to be 
performed, and the final decision would be based on its results. 
A third approach in measuring rainfall precipitation and obviously the 
most accurate, reliable, and expensive would be to carry out continuous 
preCipitation measurements in the same location of the test section. 
Measuring rainfall is in principle very simple and the most common 
methods to measure it are, as described in Refs 59 and 60, non-continuous 
measurements and continuous measurements. 
These precipitation measurements may be correlated to the measured 
pavement dependent variables. In order to properly do this, it would be 
necessary to compare, not the daily precipitation to the different dependable 
variable measurements; it is necessary to compare the rainfall precipitation 
measured over the period of time between collection of information for a 
particular variable. 
A second question may arise since material moisture is so important for 
the structural capacity of the pavement: what is the relation of the 
rainfall precipitation and the moisture content of the pavement? An apparent 
answer would be to find a correlation between precipitation, moisture, and 
the pavement structural capacity. It is possible to do this, but the results 
may be incoherent in many cases because of the great number of factors 
affecting the pavement mositure content (i.e., location, temperature, 
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evaporation, wind speed, vegetation, water tables, etc.). If all of these 
variables are collected, analyzed and a correlation factor is found it may 
not be very practical to use because it may mean that every 100 m we will 
have to change our design a few centimeters. This would make design and 
construction expensive. 
Temperature Conditions 
Temperature variation is a primary concern in the design of any PeC or 
AC pavemept. The temperature changes will have a considerable effect on the 
durability, stability, permanent deformation susceptible under repeated 
loads, fatigue cracking under repeated loads, thermal shrinkage cracking 
susceptibility, etc. These situations have been extensively studied and for 
each of them reasonable recommendations have been proposed. These types of 
pavements are very susceptible to temperature changes because of the nature 
and properties of the surface materials. 
In the case of the aggregate surfaced roads, the effects of temperature 
are not as important as in the PeC or AC pavements, and should be monitored 
for only one ,reason: variations of freeze-thaw cycle and its effects on the 
structural capacity of the pavement. It was recommended during the 
"brainstorming session· that this phenomenon be studied. The mechanics of 
the frost-soil phenomenon are extremely complex and include many factors. In 
order to have frozen soil all of certain factors must be present. These 
factors include: (1) a frost-susceptible soil, (2) slowly depressed air 
temperatures, and (3) a supply of water. If any of the above factors are not 
present, the freezing of the soil will not occur. 
Studies made by the Corps of Engineers, (Ref 61), indicate that 
frost-susceptible soils include all inorganic soils that contain greater than 
three percent by weight particles finer than 0.02 mm. In Table 5.3 frost 
susceptible soils have been classified in four groups according to the degree 
of susceptibility, group F1 being the least susceptible to frost action and 
group F4 the most susceptible to the frost action. 
Soil freezing depends to a large extent upon the duration of depressed 
air temperatures. Large amounts of information related to the number of days 
with temperature below 32 F (0 C) are available, but the fact that location 
"A" has double amount of days with average temperature below 32 F than 
location "BII , does not mean that the frozen soil phenomenon will be more 
important in "An than in "B". Another parameter used in trying to 
characterize variations and length of low temperature periods is called the 
"degree days" term. One degree day represents one day with a mean air 
temperature one degree below the base temperature. If this base is 32 F then 
we will be working wi th "freezing degree days. tt If the base is 65 F we will 
be using "heating degree days". Using both of these parameters, the higher 
the number of degree days, the colder the location. Again, this information 
refers to the air temperature and by itself, it does not say much about the 
freezing of the soil. 
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TABLE 5.3 FROST-SUSCEPTIBLE SOILS 
Group Description 
F1 Gravelly soils containing between 3 and 20 percent finer 
than 0.02 mm by weight 
F2 Sands containing between 3 and 15 percent finer than 
0.02 mm by weight 
F3 (a) Gravelly soils containing more than 20 percent 
finer than 0.02 mm by weight, and sands, except 
fine silty sands, containing more than 15 percent 
finer than 0.02 mm by weight. (b) Clays with plas-
ticity indices of more than 12, except (c) varved 
clays existing with uniform conditions. 
F4 (a) All silts including sandy silts. (b) Fine silty 
sands containing more than 15 percent finer than 
0.02 mm by weight. (c) Lean clays with plasticity 
indices of less than 12. (d) Varved clays with 
nonuniform subgrade. 
A third required factor to have frozen soil is the presence of a source 
of water. Equations have been developed (Ref 25) to check the height of 
capillarity rise from the existent water table at a particular location. 
Because the location of the water table varies from segment to segment of the 
road, this recommendation is not very practical for design purposes. 
In studying the freezing phenomenon and 
phenomenon in the Forest Service roads, the 
recommended: 
consequently the thawing 
following procedure may be 
(1) Keep records of the daily air temperatures, especially 
average, at the experimental section location. 
information the degree days may be determined and 




(2) Keep records of the rainfall precipitation, which in some way will 
indicate moisture content of the soil. Develop a cumulative 
precipitation curve. 
(3) Keep records of the type of aggregate and subgrade material, 
including gradation analysis, of considerable importance will be to 
keep records of the soil temperature of the aggregate layer as well 
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as of the subgrade material. These records will tell us exactly if 
the soil is getting frost or if it is melting. Soil temperature 
maf be taken by means of thermistors and thermocouples (Refs 62 and 
63). 
(4) Because the soil temperature will depend upon a large number of 
factors, the material density and amount of heat given to the soil, 
it is recommended to keep records of the layer density as well as 
of the latititude of the test section. 
(5) The information collected this way, should be correlated in such a 
way that based on the type of materials, precipitation range, air 
temperature, location of the road, and pavement thickness, it would 
be possible to predict the period, number, and duration of the thaw 
cycles. 
This part of the experiment would tell when to expect a thaw cycle. 
However, there are more questions that may be answered by this experiment; 
among them we must consider the following: what is the effect of certain 
loads when the road is in a thawing period? Should the road be closed for 
all the traffic or only for trucks? 
The answers to these questions may be provided by periodic 
the road structural capacity. This may be done by means 
measurements, taken during the thaw cycles for different types 




These temperature measurements would be carried out only in those 
sections where frost-thaw cycles are expected and would be included in the 
satellite studies. 
In measuring air temperatures, traditional methods may be used such as 
the use of dry and wet bulb thermometers. or maximum and minimum 






















CHAPTER 6. DESIGN OF THE SAMPLING PLAN 
In this chapter, the experiment design for collecting information is 
developed. In the first part of the chapter, a brief introduction to the 
design of experiments, especially factorials, is provided. The second part 
of the chapter deals specifically with the experiment design for aggregate 
surfaced roads. The experiment is divided into two studies: the primary 
study and the satellite studies. Two satellite studies are proposed, with 
the first study pertaining to the quality of the maintenance provided, and 
the second one pertaining to the freeze-thaw cycles. Based on these studies, 
several experiment layouts are proposed. 
The fact that 68 percent of the U.S. Forest Service roads are 
classified as unsurfaced roads, indicates that performance studies on 
unsurfaced roads are needed. Obviously, these studies would be focused on 
the management of these roads, and not design. The third part of the chapter 
deals with the experiment design for unsurfaced roads, including a primary 
study and the satellite studies mentioned previously. 
The fourth part of the chapter provides information regarding the cost 
of conducting the experiment. Finally, general recommendations for 
performing a pilot study are briefly outlined. 
THE DESIGN OF EXPERIMENTS 
Considerable research and experimentation is conducted to discover the 
individual and joint effects of several factors on variables which are most 
relevant to the phenomena under investigation. This can best be carried out 
by using factorial experiment designs. The most important characteristic of 
this type of experiment is that the effects of a certain number of variables 
are investigated simultaneously. In the language of experimental design, an 
independent variable is referred to as a factor, and a treatment is defined 
as one of the many combinations that can be formed from the different factors 
at different levels. 
Each factor may occur at different levels. For example, in an 
agricultural experiment the factor "concentration of nitrogen" may occur at 
three levels: high, intermediate, and low. 
Among the advantages of the factorial experiments are the following: 
(1) information about the interactions of factors may be obtained and (2) due 
to the combinations studied, the experimental results are applicable over a 
wide range of conditions. 
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Some of the disadvantages of the factorial experiments are: (1) setting 
up the experiment and the resulting statistical analysis may be complex, (2) 
with a large number of treatment combinations, the selection of homogeneous 
experimental units becomes difficult, and (3) certain of the treatment 
combinations may be of little or no interest and, consequently, resources may 
be wasted. 
In weighing these advantages and disadvantages, it is recognized that 
the disadvantages may, in one way or another, be minimized, and thus are 
minor when compared to the advantages of factorial experiments. Therefore, 
the use of a factorial experiment concept is recommended for designing a data 
collection plan for the PDMS Data Base. 
In practice, it is common that the resources required to carry out a 
factorial experiment that includes all the possible combinations, are beyond 
the capabilities of the investigator. In addition, the results from such a 
full factorial may give more prec~s~on or detailed information than is 
needed. In situations like this, a fractional factorial experiment 
consisting of only part of a complete factorial is worth considering. 
This reduction in the size of the experiment is done based on the 
confounding principle. It is said that two or more effects are confounded in 
an experiment, if it is impossible to separate the effects when the 
statistical analysis of the results is performed. This loss of effects is 
the price paid when reducing the size of an experiment. The reduction of the 
full factorial is sometimes justified in some types of research when previous 
experience, with the same factors or a knowledge of the nature of their 
actions, may lead the investigator to predict confidently that the effects of 
the confounded factors or interactions will be negligible, thus removing the 
ambiguity. 
In other cases, the nature of the results makes one interpretation of 
the data more plausible than another. This assumption could be wrong and 
some risk of misinterpretation can not be avoided. In order to solve this 
ambiguity, an additional experiment, considering the treatment combinations 
that were originally omitted, may be conducted. This is applicable to 
experiments that take a short time, but it is not recommended for experiments 
that take a long time or involve a large number of factors. Detailed 
information on the procedures commonly used in reducing the size of a full 
factorial, as well as procedures used to evaluate the effects of one factor 
or the effects of two or more factor interactions may be found in References 
64, 65, and 66. 
EXPERIMENT ON THE PERFORMANCE OF AGGREGATE SURFACED ROADS 
Two types of studies have been previously identified: primary study and 
satellite studies. The design of both studies is achieved in this section, 
and several alternatives are proposed for the study. 
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Primary Study for Aggregate Surfaced Roads 
The factors and levels that must be included in the primary study are 
identified and a factorial experiment is proposed. 
Factors to be Included. Based on the previous chapters, the factors or 
independent variables constituting the data collection experiment on the 
performance of aggregate surfaced roads are: 
(1) Subgrade Material, 
(2) Aggregate Material, 
(3) Pavement Thickness, 
(4) Traffic, 
(5) PreCipitation, and 
(6) Topographic Conditions. 
The importance of each of these factors has been pondered in the 
previous chapters, and only a few deserve further consideration. The traffic 
would be considered in terms of number of applications, measured by the 
Average Daily Traffic (ADT) parameter. The axle loads, as discussed in 
Chapter 5, would be periodically measured, but would not be considered as a 
factor in the experiment. The environmental factors would be taken into 
account by means of the Precipitation parameter, and leaving the temperature 
for satellite studies. 
The topographic conditions have been included since they are relatively 
easy to identify and because they involve a large number of environmental 
conditions, as well as other factors affecting the pavement performance. 
Among these factors are the following: vegetation, road geometry, 
precipitation effects, drainage conditions, and elevation. 
Level for Each Factor. In the following paragraphs the levels for each 
of the six factors previously mentioned are discussed. 
1. Subgrade Material 
The subgrade materials as quantified in Table 2.14 indicate three major 
groups as follows: a) Coarse Materials (integrated by gravels and sands), b) 
Fine Materials (integrated by clays, silts, and organic materials), and c) 
Rock, including volcanic material. 
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When considering the rock as a subgrade material for a pavement 
structure, two approaches may be identified. First, to leave the material 
uncovered and then the road would be classified as an unsurfaced road. In 
the second approach, an aggregate course may be provided to procure an 
adequate and smooth riding surface. The performance of these two types of 
road would be different than in the case of aggregate surfaced roads with a 
subgrade material not as strong as the rock. This situation seems 
appropriate research for satellite studies. 
In this way, two groups or levels of subgrade material may be 
identified: coarse material and fine material. In order to avoid confusion 
and misunderstandings regarding the classification of the subgrade material 
in these two groups, a common and unique classification criteria must be 
used. Adopting the criteria used by the Unified Classification System is 
suggested, where the material is considered as coarse-grained when it 
contains 50 percent or less passing a No. 200 mesh sieve; fine grained 
materials are those with more than 50 percent passing a NO. 200 mesh sieve. 
2. Aggregate Material 
In Chapter 2, six general groups of aggregate materials were identified 
and presented in Table 2.17. These groups may be reduced into two major 
groups: natural deposits and crushed aggregates. The first major group 
would be the same as the one in Table 2.17, and the second major group would 
include the rest of the materials in Table 2.17. 
From the previous paragraph, two levels are identified for this factor. 
If a study that accounts for specific aggregate materials, such as limestone 
or basalt, is desired, it could be carried out in subsequent studies. In 
order to correlate the results of these future studies with the Primary 
Study, as proposed in this report, it is recommended to select a section from 
this Primary Study and then to change only the type of aggregate as many 
times as needed. Practical knowledge in designing this type of experiment 
indicates that a number of sections must be developed for each of the 
selected levels of traffic (Ref 2). This is done because of the large 
influence of the traffic factor on the performance of the aggregate surfaced 
roads. The same logic applies for any other desired study such as with 
different types of sandy subgrade material. These studies seem to have 
second priority when compared to the principal objective of the data base. 
For this reason, they will not be considered any further in this study. 
3. Pavement Thickness 
The information provided by the Forest Characterization Questionnaire 
indicates that 77.5 percent of the aggregate surfaced roads may be classified 
as one-layer roads. Of these roads, 29 percent have a pavement thickness 
less tha~ four inches, and 54 percent between four and eight inches. 
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For the two-layer aggregate surfaced roads, 15 percent have a base 
thickness less than four inches and 41 percent between four and eight inches. 
Regarding the surface layer, 52 percent of the two-layer aggregate surfaced 
roads have a thickness less than four inches. 
From these figures, it may be estimated that the average pavement 
thickness of the aggregate surfaced roads would be around eight inches. This 
value may be used to define the two levels of the pavement thickness factor. 
A word of caution is introduced here. If the levels of the quantitative 
factors are specified in terms of "points", it may happen that the selected 
sections have the same value for certain factors. For example, it may be 
possible that the majority of the selected sections have a pavement thickness 
concentrated in the limiting value, say eight inches. This situation would 
make the analysis difficult, or even may nullify the potential advantages of 
the factorial. In facing this situation, it is recommended to specify the 
levels of the quantitative factors in terms of "ranges" (Ref 67). 
Based on this recommendation, the two levels of the pavement thickness 
factor are defined as: (1) less than six inches, and (2) more than ten 
inches. Leaving a "gap" between the levels ensures that some separation 
exists between the high and low levels. 
4. Traffic 
As mentioned in Chapter 2, 69 percent of the aggregate surfaced roads 
have an Average Daily Traffic (ADT) less than 50 vehicles. Based on this 
fact, two levels of ADT are adequate for the Traffic factor. Following the 
idea previously expressed regarding the definition of the levels, a low 
traffic level, less than 40 vehicles per day, and a high traffic level, more 
than 60 vehicles per day, is suggested. 
5. Precipitation 
Two levels of annual mean precipitation may be established based on the 
results from the Forest Characterization Questionnaire. Table 2.22 shows 
that 56 percent of the National Forests have an annual mean precipitation 
less than 30 inches. A low level would correspond to a value of less than 20 
inches and a high level would be more than 40 inches. 
6. Topographic Conditions 
Four major topographic conditions have been identified as follows: flat 
to rolling, gentle rolling to hilly, mountainous, and steep mountainous. 
These four groups may be reduced to three groups: (1) flat, (2) rolling 
to hilly, and (3) mountainous. Then three levels may be assigned to this 
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sixth factor. The criteria for classifying a particular location as flat, 
rolling to hilly, or mountainous would be the magnitude of the side slope. 
Primary Study Layout. As a result of the previous analysis, the 
Primary Study is defined by five factors at two levels each plus a sixth 
factor at three levels, as illustrated below: 
Factor No. of 
for satellite studies. Levels Levels 
1 • Subgrade Material 2 Coarse, fine 
2. Aggregate Material 2 Natural ,crushed 
3. Pavement Thickness 2 Less than 6 in; more than 10 in. 
4. Traffic (ADT) 2 Less than 40 VPD; more than 60 VPD 
5. Precipitation 2 Less than 20 in/y; more than 40 in/y 
6. Topographic Condition 3 Flat, rolling, mountainous 
The factorial corresponding to this set of factors would be represented 
as 3 x 2 The design of this type of factorial can be obtained by an 
expansion of the corresponding 2 design, as recommended by Cochran and Cox 
(Ref 64). A full factorial would lead to 96 treatment sections. 
In order to make appropriate comparisons among the results from the 
different sections, the same maintenance must be provided to all of the 
sections. A satellite study is proposed below to consider the effects of 
maintenance. 
Satellite Studies for Aggregate Surfaced Roads 
Among the many factors deserving a special or satellite study, two of 
them seem to deserve immediate consideration, namely: (1) the maintenance 
provided to the pavement and (2) the freeze-thaw cycle. 
Maintenance. In order to determine the effects of maintenance on the 
performance of the aggregate surfaced roads, a satellite study may be 
performed. In this study one or more of the sections of the Primary Study 
would be repeated as many times as there are maintenance levels requiring 
evaluation. The maintenance provided to the road has not been considered in 
the main factorial for two reasons: the great variability of the maintenance 
levels that may be provided and consequently the large number of sections 
that would be required. Measuring the effects of different maintenance 
levels in the satellite studies would require fewer sections for 
number of maintenance levels under study, than if these 




If three maintenance levels are under consideration, one of them being 
the one applied to the Primary Study sections, and if the full factorial is 
reduced to a fourth, the required number of additional sections would be: 
2(96/4) = 48. For an eighth of the full factorial, 24 sections would be 
required. 
In locating these test sections, two approaches may be identified; 
first, to locate them in different roads within the same national forest, or 
even in different forests or regions, being independent from the sections of 
the Primary Study. The second approach would locate the satellite sections 
on the same road as the primary study sections, but separated by a relatively 
short distance. 
The argument supporting the first approach is that the maintenance 
provided is easier to control and it is not susceptible to maintenance crew 
misunderstandings in the sense of which maintenance level should be provided 
to each section. This factor seems to be insignificant, but was a principal 
concern during the Brazil study, where a section was originally divided into 
two subsections separated by a distance of 80 meters (262 ft). It was 
desired to provide nil maintenance to one of the subsections and to blade the 
other subsection every two weeks. Unfortunately, most of the time, the 
grader operator judged that the nil-maintenance section was in a very poor 
condition and decided to blade it. A poor demarcation of the different 
sections may also lead to this type of error. 
Two important facts should be mentioned when evaluating the second 
approach: if the sections are located next to each other, the cost of 
collecting information would be considerably reduced because of the sharing 
in equipment and human resources, as well as the savings in time for 
mobilization from section to section. The second fact is that the closer the 
sections, the more reliable the collected information. The disadvantage is, 
as mentioned before, the problems encountered in providing adequate 
maintenance to each of the sections. 
Freeze-Thaw Cycle. A second set of satellite studies would concentrate 
on the study of the freeze-thaw cycle phenomenon. The following two aspects 
are relevant: (a) prediction of the pavement freeze-thaw cycle and (b) 
evaluation of the traffic effects on the pavement during the thawing periods. 
In predicting the freeze-thaw cycle, the following factors should be 
considered: (1) Air Temperature, (2) Subgrade Material, (3) Pavement 
Thickness, (4) Precipitation, and (5) Topographic Condition. Of these 
factors, only the air temperature factor is not considered in the Primary 
Study_ The Air temperature is measured by means of the parameter "heating 
degree days, " previously discussed in Chapter 2. Two levels may be 
identified for this factor based on the information from the Forest 
Characterization Questionnaire. The limits for these two levels would be: 
less than 6,000 and more than 8,000 heating degree days. 
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The other four factors would remain with the same number of levels as 
for the Primary Study, leading to a 2 x 3 factorial. If a half factorial is 
considered, the required number of sections would be 24. 
As mentioned in Chapter 5, the dependent variable would be the soil 
temperature, which would indicate if the pavement is frozen or not. During 
the thawing process, the pavement temperature may be the same as when the 
pavement is frozen, thus a visual inspection would be required to determine 
When the thawing process starts and ends. An accurate record of these starts 
and ends should be maintained in order to properly correlate the 
freeze-thawing cycles with the factors previously mentioned. 
The second part of this satellite study would consider the rational 
application of traffic during the thawing cycle and the measurement of the 
effects on pavement performance, especially structural capacity. Deflection 
measurements may be a good indicator of the pavement structural capacity. 
1hese measurements should be performed in time intervals as short as 
possible, because of the relatively short duration of the thawing cycle. 
Because of the need for good control, it is suggested that traffic be applied 
under the responsibility and control of the Forest Service. This means that 
Forest Service Units (owned or leased) need to be run over the test sections 
in an organized way. The section could be divided into, for example, three 
subsections receiving different number of traffic applications during the 
same period of time. The traffic levels may be 50, 100, and 200 applications 
per day. The experiment would end with the de~truction of the section, or 
when the roads become impassable, or with the end of the thawing period. The 
traffic would be applied at the beginning of the thawing period in order to 
have uniformity in the measurements. A part of the section would not receive 
traffic applications in order to monitor the end and start of the thawing 
period. In order to properly measure the effects of traffic, it is suggested 
the traffic be applied at some time after the beginning of this period, e.g., 
10 days. 
For locating this satellite study's test sections, the following 
approaches are identified. 
For the prediction of the freeze-thaw cycles, the primary study sections 
may be used and the soil temperature would be included as a covariate. 
The second approach considers the effects of traffic, and due to the 
destructive nature of these studies, it is recommended that special sections 
be developed for the freeze-thaw cycle satellite study. 
Experiment Layout Alternatives 
Based on the previous analysis and among the alternatives that may be 
developed, three experiment alternatives are proposed in Table 6.1. 
In this table, note that for alternative A, the primary <study is 
proposed as a full factorial, and for alternatives Band C as a half 
factorial. Before making any decision, it is necessary to understand the 
reasons supporting the use of a full factorial. If a partial factorial is 
TABLE 6.1. EXPERIMENT ON THE PERFORMANCE OF AGGREGATE SURFACED ROADS, 














a 5 A half factorial of 2 x 3 
b A fourth of the Primary study full factorial and two 
maintenance levels 
c A full factorial of 24 x 3 







considered, then the effects of some factors would be confounded and another 
experiment or experiments would be needed in order to clearly identify the 
effects of these factors on the pavement performance. The six factors 
defining the primary study are considered to be the first order of 
importance, and an accurate knowledge of their independent effects as well as 
of their interactions is greatly needed. Sometimes, when one of the factors 
included in the factorial is of secondary importance, the full factorial may 
be reduced, even if the effects of these factors are confounded. This is not 
the case of the experiment proposed in this report. 
The last reason supporting the use of a full factorial is that if 
subsequent particular studies are performed (such as the effects of different 
crushed aggregates) a clear knowledge of the effects and interactions of the 
factors included in the Primary study would support and validate the results 
from these subsequent studies. If in the Primary study some effects are 
confounded and a doubt exists regarding the effect or interactions of some of 
the factors, this uncertainty would be transfered to future studies. The 
value of a full factorial as a platform for future research is another 
primary reason supporting the use of a full factorial in the Data Base 
experiment. 
The results from any experiment are subject to variations due to the 
variability in the experimental material and due to a lack of uniformity in 
the physical conduct of the experiment. These variations are usually called 
experimental errors, which may be reduced by the standardization of the 
methods and procedures used during the collection of the information. 
A very popular method used to evaluate the experimental error is the use 
of replicate sections. It is obvious that the larger the number of 
replicates, the smaller the experimental error and the more knowledge of the 
quality of the experiment. Following the idea of developing an accurate 
Primary Study, 6 replicate sections are included in all the alternatives 
presented in Table 6.1. 
Two satellite studies are proposed in Table 6.1. The first of these 
studies would study the effects of different maintenance levels on the 
performance of the road. This satellite study has the Primary Study full 
factorial as a framework. For alternatives A and B, a fourth factorial has 
been considered. This partial factorial requires 24 sections, that are 
multiplied by two levels of maintenance to require a total of 48 sections. 
It is important to remember that the maintenance level provided to the 
Primary Study section, is different from the maintenance level provided to 
the satellite studies sections. 
As stated before, problems may arise in locating the sections for a full 
factorial. If it is impossible to locate a particular section, it may be 
"manufactured" in order to satisfy the requirements of the full factorial. 
This may not be a major problem due to the nature of the aggregate surfaced 
roads where the thickness may be easily varied, or if a specific aggregate is 
needed it may be carried from another location, etc. The decision to 
construct the required test sections would not represent an excessive cost, 
and would produce a better experiment. 
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EXPERIMENT ON THE PERFORMANCE OF UNSURFACED ROADS 
As was the case for the aggregate surfaced roads, the experiment on the 
performance of unsurfaced roads would consist of a primary study plus a set 
of satellite studies. In the following pages, each of these studies are 
described and several layout alternatives are presented. 
Primary Study for Unsurfaced Roads 
The selection of the factors 
experiment would be based on the 
surfaced roads experiment, as follows: 
Factor 
1 • Subgrade Material 
2. Traffic (ADT) 
3. PreCipitation 
4. Topographic Condition 
and levels to be included in this 







The levels for these factors would be the same as those considered in 
the experiment for aggregate surfaced roads, with the exception of the 
traffic factor, which must be lower for unsurfaced roads. The recommended 
limits for the two levels are: less than 20 vehicles per day, and more than 
40 vehicles per day. 
In this way, the primary study on the performance of unsurfaced roads 
would be a 2 x 3 factorial, which calls for 24 sections. 
Satellite Studies for Unsurfaced Roads 
The satellite studies would involve, as in the case of the aggregate 
surfaced roads, research on the effects of different maintenance levels and 
the study of the freeze-thaw cycles. 
The maintenance level satellite study may include two levels of 
maintenance and when combined with a full factorial would require 48 
sections; if a half factorial is considered, then only 24 sections 'would be 
needed. 
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The studies related 
following four factors: 
and topographic condition. 
for 24 sections. 
to the freeze-thaw cycles would include the 
air temperature, subgrade material, precipitation, 
As before, it is a 2 x 3 factorial, which calls 
Experiment Layout Alternatives 
Based on the previous analysis and considering the extensive use of 
unsurfaced roads within the U.S. Forest Service road network, three 
experimental alternatives are proposed as shown in Table 6.2. 
The dependent variables to be measured in the unsurfaced road experiment 
would be the same as for aggregate surfaced roads with the exception of 
aggregate loss. 
COST ANALYSIS 
In order to have a rough estimate of the cost of the experiment and 
to the great variety of equipment, methods, and procedures that may be 
to collect the information, several assumptions are required. 
assumptions made for these purposes relate to the equipment to use, 
frequency of the measurements, the wages of the technicians as well 






An annual unit cost per section is calculated for both aggregate 
surfaced roads and unsurfaced roads, based on the unit cost for each variable 
measured, which are presented in Appendix I. Tables 6.4 and 6.6 contain the 
section unit cost for each type of road, respectively. Based on this 
information and on the experiment alternatives presented in Table 6.1 and 
6.2, an estimated total experiment cost, including primary and satellite 
studies, is presented in Tables 6.5 and 6.7, for aggregate surfaced roads and 
unsurfaced roads considering an experiment duration of one, two, and three 
years. 
Cost of the Aggregate Surfaced Roads Experiment 
The unit cost for the sections involved in the primary study as well as 
in the satellite studies, is calculated in this section. Based on these 
calculations, the cost for the experiment alternatives previously discussed 
is presented at the end of this section. 
Primary Study. As may be seen in Table 6.4, there are material 
properties that would be measured only once during the development of the 
experiment. These variables are identified by the superscript "b". The 
remaining variables would be measured following the recommendations provided 
in Table 6.4 during the experiment duration. The variables with the 
superscript "b" would constitute the fixed cost of the section; the variable 
cost would be composed by the measurement of the rest of the variables. In 
TABLE 6. 2. EXPERIMENT ON THE PERFORMANCE OF UNSURFACED ROADS, 








Total Number of Sections 













b A half factorial of the Primary study full factorial and 
two maintenance levels 
c A full factorial of 23 x 3 
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In-situ moisture content 
Gradation analysis 
Atterberg limits 




Layer thickness measurements 
Traffic (ADT) 








Rut depth gauge 
Mays Meter 















Every three weeks 
Every three weeks 
Every four months 
Every four months 
Beginning of expo 
Every three weeks 
Every three weeks . 
Beginning of expo 
Beginning of expo 
Beginning of expo 
Beginning of expo 
Beginning of expo 
Every four months 
Beginning of expo 
Every three months 
for one week 
Every year 
Continuously 
The typical section is 1,200 feet long and it is located one hour by car 
from the operations center. 






















































































































































































































































































































































































































































































































 ~ lb 1 3 b
 















































































































































































































































































































































































































































TABLE 6.5. EXPERIMENT ON THE PERFORMANCE OF AGGREGATE SURFACED ROADS, 
TOTAL COST FOR NINE EXPERIMENT LAYOUR ALTERNATIVES 
Study Alternative 
Duration Study A B C 
One Primary $1,875,000 993,000 993,000 
Year Satellites 2 2013,000 1,448,000 
Total: $3,888,000 2,441,000 993,000 
One Primary $3,343,000 1,770,000 1,770,000 
Year Satellites 2 2704 2000 2 2138 2000 
Total: $6,046,715 3,908,000 1,770,000 
One Primary $4,811,000 2,547,000 2,547,000 
Year Satellites 3 2 394 2000 2,829 2000 
Total: $8,205,000 5,376,000 2,547,000 
Alt. A: 102 sections primary study and 96 sections satellite 
sections 
Alt. B: 54 sections primary study and 72 sections satellite 
sections 











































































































































































































































































































































































































































































































































































































































































































































































































































































































TABLE 6.7. EXPERIMENT ON THE PERFORMANCE OF UNSURFACED ROADS, 
TOTAL COST FOR NINE EXPERIMENT LAYOUT ALTERNATIVES 
Study Al.ternative 
Duration Study A B C 
Primary $ 415,000 237,000 237,000 
One 
Year Satellites 836 2000 616 2000 
Total: $ 1,251,000 853,000 237,000 
Primary 776,000 444,000 444,000 
Two Satellites 1,146 2000 906 2000 Years 
Total: $ 1,922,000 1,350,000 444,000 
Primary 1,138,000 650,000 650,000 
Three Satellites l z455 2 000 1 2 215 2000 Years 
Total: $ 2,593,000 1,865,000 650,000 
Alt. A: 28 sections primary study and 48 sections satellite studies 
Alt. B: 16 sections primary study and 36 sections satellite studies 
Alt. C: 16 sections primary study and no 
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this way and based on the information presented in Table 6.4, the unit cost 
of each experimental test section may be broken down as a fixed cost of 
approximately $4,000 and a variable cost of $14,500. 
Satellite Studies. Since the cost of maintenance is not analyzed in 
the Primary study assuming that it would have to be provided anyway by the 
Forest Service, the cost of different maintenance levels is not considered 
further, thus the unit cost of the satellite study on maintenance levels 
would be .the same as for the primary study sections. 
Regarding the freeze-thaw cycle satellite study, the only extra 
consideration in determining the cost per section, is that during the thawing 
period the deflections measurements would be taken two times a week during a 
period of five months, representing forty additional deflection measurements. 
The cost of these measurements, based on the information from Table 6.4, 
would be approximately $5,000. 
Since many of these sections would be destroyed during the experiment, 
the duration of this satellite study would be only of one year. The fixed 
and variable cost of these satellite sections would be about $4,000 and 
$19,500 respectively. The cost of applying and controlling the traffic to 
these sections during the thawing period has not been considered in the 
analysis. 
Table 6.5 presents the total cost for the experiment alternatives 
proposed in Table 6.1, considering an experiment duration of one, two, and 
three years. 
Cost of the Unsurfaced Roads Experiment 
The unit cost for the sections of the primary and satellite studies, as 
well as the total cost for each of the experiment alternatives previously 
proposed, are estimated in this section. 
Primary Study. From Table 6.6 and using the same criteria as for 
aggregate surfaced roads, the fixed and variable unit cost per section of the 
primary study would be approximately $2,000 and $13,000, respectively. 
Satellite Studies. The fixed and variable unit cost of the satellite 
study on maintenance levels would be the same as for the primary study 
sections. Cost of the sections of the study on freeze-thaw cycle would be a 
function of the number of deflection measurements taken. If forty additional 
measurements need to be taken, the new variable annual unit cost would be 
about $20,500. The fixed unit cost remains the same as for the primary study 
sections. 
Table 6.7 presents the total cost for the unsurfaced roads alternatives 




It is recommended to conduct a pilot study in order to check the 
performance and operation of each of the devices and methods proposed in 
Chapter 4 and 5 for measuring the variables included in the data base. 
Several test sections would be selected, and the dependent and 
independent variables measured using the devices and methods with the highest 
potential. The problems in identifying and measuring the variables should be 
carefully recorded, as well as the resources involved in each of these 
measurements. As a result of this part of the pilot study, the optimum 
devices and measuring methodologies, including the field forms, should be 
determined. 
A second part of this pilot study must define the optimum measurement 
periodicity for each of the variables included in the data base. The optimum 
test section length must also be determined from this pilot study. 
The sections for the pilot study may be concentrated in a relatively 
small area, since they would be used for testing the technology for the final 
experiment, rather than collecting pavement technical information. It seems 
that eight to ten sections are an adequate number of sections. 
After conducting the pilot study, the cost of the experiment could be 
more precisely estimated. 
CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS 
CONC LUSIONS 
As a result of this project for the U.S. Forest Service, two pertinent 
points are obvious from a global standpoint. These are: 
(1) The U.S. Forest Service has one of the most extensive road networks 
in the world, a large part of this being aggregate surfaced and 
unsurfaced roads. 
(2) The available technology for the rational design and management of 
low volume roads is very limited, and for the most part, 
non-existent. If this technology is improved, the Forest Service 
will benefit greatly from the improved design and management of its 
road surfacing investment. Therefore, it is in the best interest 
of the Forest Service to take the steps necessary to develop this 
technology. 
Based on the analysis performed throughout this report, it may be 
concluded that the development of a data base for PDMS is not only 
technically feasible, but necessary for the improvement of PDMS and the 
ensuing benefits to the Forest Service. This technical feasibility was 
evaluated in Chapters 1 through 5. 
The economic cost of the data base is analyzed in Chapter 6. In this 
Chapter, several alternatives for designing an experiment to collect the 
information required for the data base are presented. These alternatives 
recognize two major road classes: aggregate surfaced roads and unsurfaced 
roads, and are based on the selection of one method to measure each of the 
proposed variables. This selection was made from a conservative point of 
view, and it is not intended to be the "final" or nul timate" selection. 
From the analysis presented in Chapter 6, it may be concluded that a 
data base for PDMS is economically feasible and should be developed. 
This conclusion is based on the idea that the data base information 
would be used to improve PDMS's capabilities, thus leading to better pavement 
management strategies, including pavement design and maintenance. If this is 
accomplished, a very substantial long term savings in total transportation 
costs will be achieved for the Forest Service. 
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In order to demonstrate the economic feasibility of the data base, it 
would be desirable to translate the previous paragraph into terms of dollars 
and cents. Unfortunately, this is difficult because of the great uncertainty 
surrounding the benefits evaluation. However, the following conservative 
evaluation can be considered. If it is decided to collect information on the 
performance of aggregate and unsurfaced roads during a one year period, and 
the smallest experiment layout is selected, the experiment cost would be 
around $1,200,000. Comparing this figure to the investment in the Forest 
Service Road System that is around $2,500 million, it may be realized that 
the experiment cost represents only 0.04 percent of this total investment. 
Considering the annual expenditures in regular maintenance, which in 1980 was 
$77 million, the experiment alternative above represents 1.6 percent of this 
figure. It would be ideal to have a figure representative of the potential 
savings in maintenance derived from an efficient pavement management system 
and in this way demonstrate the feasibility of the data base. Unfortunately, 
this information is not available. However, assuming that 5 percent of the 
annual maintenance expenditures would be saved with the operation of an 
. efficient PDMS, then the cost of the experi~ent would have a payback period 
of approximately one-third of a year. 
If the largest experiment layout is selected and measurements are made 
over a period of three years, the experiment cost would be around $11 
million, or $3.7 million annually. This figure represents only 4.8% of the 
maintenance expenditures in 1980. 
Many other advantages derived from the use of appropriate pavement 
management systems should be considered when analyzing the economic 
feasibility of a data base. Among them, consider that the system would help 
in an optimization of the available resources, would indicate the best time 
to regravel or grade a road, the effects of and consequence of the factors 
affecting pavement performance would be understood much better, and better 
management decisions could be made. It may be concluded that a data base for 
PDMS is not only economically feasible, but will also produce long term 
continuing benefits to the Forest Service. 
STUDY RECOMMENDATIONS 
To accomplish the development of the data base for PDMS, the following 
recommendations are made: 
(1) Conduct a pilot study to first evaluate each of the methods 
proposed for collecting information. The technical and economical 
aspects should be considered when evaluating each of these methods 
or devices. 
(2) Once a specific methodology has been selected the appropriate forms 
for collecting information should be designed. At the same time, 
detailed guidelines .should be developed for each of the methods and 
procedures that are finally adopted. These guidelines should 
assure uniformity in collecting the information. 
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(3) The computer requirements, manpower and 80ftwKre required to 
process the information should be developed in the pilot phase of 
this research project. 
(4) In selectin~ or developing experiment lKyout Klternatives, it is 
recommended this selection be based not only on a cost criteria, 
but also on the value of the information derived from each 
alternative. An arbitrary decision to trying to reduce the cost of 
the experiment may lead to an experiment with less information, 
from which it would be more difficult to derive general conclusions 
and service-wide applications. 
(5) In collecting the information, several alternatives should be 
analyzed. It may be collected exclusively by Forest Service 
personnel, private consultants, universities, or a combination of 
these groups under the coordination and supervision of a leader 
group. Also, local universities might be used to collect some of 
the data. Regardless of the alternatives selected, the leader 
group is the key to assuring uniformity in the information 
collected. 
(6) In selecting between the alternative methods for accomplishing the 
data base, the Forest Service must make a decision, considering 
available manpower, total cost and calendar time for delivery. 
Obviously, it would be better for the experience to reside in the 
Forest Service, but operationally they are faced with quotas on 
manpower and other constraints. Universities could probably 
deliver a good end product at a lower total cost, but there 
undoubtedly would be delays because of classroom priorities and 
complex procedures for the purchase and maintenance of equipment. 
In addition, extensive travel is sometimes difficult for the 
university personnel. Consultants are not limited in manpower and 
equipment purchases and have a higher probability of delivery on 
schedule, but consultants are profit motivated and consequently, 
the costs may be greater. 
(7) Due to the great number of people involved in this effort, the 
importance, objectives, and purpose of the experiment should be 
made clear in order to ensure the participation and maximum effort 
of the people involved. 
(8) Finally, the results of the pilot study should be carefully 
evaluated and used in preparing a final detailed plan of the data 
base for PDMS. 
PILOT STUDY RECOMMENDATION 
In conducting a pilot study, the following recommendations are made: 
(1) Locate the test sections close to each other. 
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(2) Eight to ten sections would be an adequate number of sections. 
(3) Since the purpose of the pilot study is not to collect pavement 
performance information, but rather to evaluate measuring 
methodology, including test section length, measurement frequency, 
measuring procedures and equipment, the study duration does not 
need to be very long. A duration of three to six months is 
recommended. 
(4) In order to determine the optimum measurement frequency, it is 
recommended that continuous measurements for each of the dependent 
variables be made in some of the teBt sections. 
(5) Cost records for each of the measuring procedures and devices 
tested should be documented. 
(6) A crew of five to six people is recommended to make the required 
measurements. The same crew should analyze and evaluate the 
information, as well as make the final recommendation regarding the 
optimum data collection methodology. 
(7) It is recommended that this crew have at least one representative 
from the Forest Service in order to insure involvement and 
participation by the Forest Service in this pilot study. 
(8) It is recommended that most of the equipment to be used in this 
pilot study be leased. It may be possible to borrow some items 
that are owned by the Forest Service. 
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FOREST CHARACTERIZATION QUESTIONNAIRE 
Forest _____________________________ Region ______ _ 
Name and Title ------------------------------------------------
Date ------------------------------
1. Classification of the roads in the Forest by surface type: 
Asphalt 
Concrete miles with % 1 lane, % 2 lanes, __ % more than 2. 
Surface 
Treatment miles with % 1 lane, % 2 lanes, % more than 2. 
Aggregate miles with % 1 lane, % 2 lanes, % more than 2. 
Unsurfaced miles with % 1 lane, % 2 lanes, % more than 2. 
2. Classification of the Aggregate Surface Roads in your Forest: 
one layer % 
two layers % 
3. In your Forest does a typical subgrade material exist (i.e., basic soil 
type? 
____ Yes, and it is commonly known by the name of ____________________ _ 
----- No, there are two typical subgrade materials as follows: 
and ------------ ---------------------------------------------
____ No, there are three typical subgrade materials: 
___________________________ , and ____ __ 
---- No, I believe there are more than three. How many? ---- They are: 
-----------------"' 
(Continued) 
Figure A.I. Forest Characterization Questionnaire 
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4. In your Forest does a typical aggregate material exist? 
Yes, and it is commonly known by the name of ________________________ _ 
No, there are two typical aggregate materials as follows: 
and ----------------------- ----------------------------------------
No, there are three typical aggregate materials: 
_________________________ , and ________________________________________ __ 
No, I believe there are more than three. How many? List them. 
----------------------------, 
5. What is the most used testing method to evaluate the strength of the fol-
lowing materials in your Forest? 
a. Subgrade. The method. -----------------------------------------
b. Aggregates. The method. 
~--------------------------------------(Surface and Base) 
6. Do you have records on the number of layers and thicknesses of as-built 
aggregate surface roads? 
Yes, and covers 
these roads. 
No. 
100%, 75%, 25%, Less than 25% of -----
7. Classify the one-layer aggregate surface roads according to the thickness 
of the surface layer: 
Thickness (Inches) Enter Percentage 
0-4 
4 - 8 
8 - 12 
12 - 16 
Total 100% 
Figure A.l. Forest Characterization Questionnaire, Cont. 
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8. Classify the two-layer aggregate surface roads according to the thickness-
es of: 
a. Base Layer b. Surface Layer 
Thickness, in. Enter Percentage Thickness, in. Enter Percentage 
o - 4 0 - 4 
4 - 8 4 - 8 
8 - 12 8 - 12 
12 - 16 12 - 16 
+ 16 + 16 
Total 100% Total 100% 
9. Has some system been implemented in your forest to measure traffic (number 
of applications), or are you going to implement some type of system during 
this year? 
10. 
_____ Yes, and the system(s) is (are) ________________________________ __ 
which cover(s) 100%, 75%, 50%, 
than 25% of the aggregate surface roads. 
____ No. 
-----25%, Less 
What are the different levels of Average daily Traffic (ADT) for the 
for the Aggregate Surface Roads in your Forest? 
From 0 to 50 VPD* for % of these roads. 
From 50 to 100 VPD for % of these roads. 
From 100 to 200 VPD for % of these roads. 
From 200 to 400 VPD for % of these roads. 
More than 400 VPD for % of these roads. 
Total 100 % 
*VPD: Vehicles per day in both directions. 
Figure A.l. Forest Characterization Questionnaire, Cont. 
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11. Classification of the traffic in your forest by gross vehicle weight 
(GVW). 
Passenger cars and pick-ups % 
Trucks from 10,000 to 30,000 lb % 
Trucks from 30,000 to 100,000 lb % 
Trucks from 100,000 to 200,000 lb % 
Total 100 % 
12. Do you think that the topographic conditions of your Forest are all the 
same? 
Yes, they are uniform throughout the Forest and could be described 
as: 
No, I think we can identyfy different topographic conditions 
our Forest as follows: 
in % of the Forest area. 
in % of the Forest area. 
in % of the Forest area. 
(If you need more space, please use the back of this sheet.) 
13. Do you think that the environmental conditions of your Forest are all 
the same? 
in 
Yes, they are uniform throughout the Forest and could be described 
as: 
No, I think we can identify different environmental conditions 
---- in our Forest as follows: (You may answer in terms of annual pre-
Cipitation and/or temperature.) 
in % of the Forest. -------------------------------------------
in % of the Forest. -------------------------------------------
in of the Forest. ---------------------------------------
Suggestions: 
Figure A.l. Forest Characterization Questionnaire, Cont. 
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TABLE A.I • NATIONAL FORESTS CONSIDERED IN THE SURVEY AND THEIR REPLY INCLUD-
'ING VALUES OF MEAN ANNUAL PRECIPITATION AND HEATING DEGREE DAYS. 
National Forest Mean Annual Heating Com- Precipita- Degree 
Reg. State No. Name p1eted tion. in. Days 
1 Idaho 1. Clearwater xes 27 72 000 
2.. Idaho Panhandle NFS. Xes 27 72 000 
3. NezEerce xes 25 8 2 000 
Montana 4. Beaverhead xes 14 10z000 
5. Bitterroot xes 19 72 500 
6. Custer xes 14 92 500 
7. Deer10dge xes 19 8 2°00 
8. Flathead yes 19 8 2500 
9. Gallatin yes 14 10z000 
10. Helena yes 14 8 2 000 
11. Kootenai yes 19 8 2 500 
12. Lewis & Clark yes 14 8,000 
13. Lo10 xes 19 8 2 000 
2 Colorado 14. AraEaho & Roosevelt xes 16 92 500 
15. Grand Mesa, Uncompah-
gre and Gunnison yes 17 9 2000 
16. Pike & San Isabel no 14 10 z000 
17. Rio Grande xes 15 10 z000 
18. Routt xes 17 92 000 
19. San Juan xes 17 8 2500 
20. White River yes 16 8 2 500 
Nebraska 21. Nebraska yes 19 7 J OOO 
South Dak 22. Black Hills yes 20 72 500 
Wyoming 23. Bighorn ;yes 12 82 000 
24. Medicine Bow ;yes 13 8,000 
25. Shoshone ;yes 11 10,500 
3 Arizona 26. AEache-Sitgreaves xes 14 52500 
27. Coconino yes 14 6,000 
28. Coronado yes 13 22500 
29. Kaibab yes 14 5 2500 
30. Prescott ;yes 14 4 2 500 
31. Tonto no 18 5 2500 
New Mexi- 32. Carson ;yes 15 8,500 
co 33. Cibo1a no 13 5 2500 
34. Gila yes 13 6 2°00 
35. Lincoln yes 10 4 2500 
36. Santa Fe yes 16 4 2500 
4 Idaho 37. Boise yes 27 8 2 500 
38. Caribou no 15 82 000 
39. Challis no 27 8,500 
40. Payette yes 27 82500 
41. Salmon yes 9 72 500 
42. Sawtooth ;yes 27 72 000 
43. Targhee yes 12 8 2500 
Nevada 44. Humboldt no 8 62 500 
45. Toiyabe no 8 62 500 
(continued) 
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TABLE A.I. NATIONAL FORESTS CONSIDERED IN THE SURVEY AND THEIR REPLY INCLUD-
ING VALUES OF MEAN ANNUAL PRECIPITATION AND HEATING. DEGREE DAYS. 
Mean Annual Heating 
National Forest Com- Precipita- Degree 
Reg. State No. Name pleted tion, in. Days 
4 Utah 46. Ashle:l :les 19 72 500 
47. Dixie no 12 5 2 500 
48. Fishlake no 10 5 2 500 
49. Manti-Lasal :les 10 5*500 
50. Uinta :les 16 SzOOO 
5I. Wasatch :les 19 9 2 000 
Wxoming 52. Bridger-Teton xes 20 10 2 500 
5 CaHfor- 53. Angeles no 18 3,000 
nia 54. Cleveland :les 17 3 2000 
55. El Dorado xes 20 8 2 000 
56. In:lo :les 9 6 2000 
57. Klamath :les 41 5 2500 
58. Lassen xes 35 6 2000 
59. Los Padres :les 21 2,500 
60. Mendocino xes 41, 4 2500 
6I. Modoc xes 40 6 2 500 
62. Plumas xes 40 7 2 000 
63. San Bernardino xes 18 3 2500 
64. Seguoia xes 9 62500 
65 ... Shasta-Trinitx xes 41 4,000 
66. Sierra :les 10 8 2 000 
67. Six Rivers xes 41 4,500 
68. St. Anislaus xes 9 8,000 
69. Tahoe xes 20 72000 
6 Oregon 70. Deschutes Xes 33 7 2500 
7I. Fremont xes 20 72 500 
72. Malheur no 19 7 2 000 
73. Mt. Hood xes 52 62 000 
74. Ochoco Xes 13 7 2 000 
75. Rogue River Xes 30 6 2500 
76. Siskixou xes 75 5 2 000 
77. Siuslaw xes 75 5 2000 
78. Umatilla :les 19 6,500 
79. UmEgua xes 30 5 2500 
80. Wallowa-Whitman xes 19 6,500 
81. Willamette yes 52 6,000 
82. Winema yes 30 6,000 
Washing- 83. Colville yes 20 7,000 
ton 84. Gifford-Pinchot yes 63 8,500 
85. Mt. Baker-Snogualmie xes 90 8 2 000 
86. Okanogan xes 34 8 2 000 
87. OlymEic xes 102 7 2000 
88. Wenatchee xes 34 72 500 
(Continued) 
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TABLE A.1. NATIONAL FORESTS CONSIDERED IN THE SURVEY AND THEIR REPLY INCLUD-
ING VALUES OF MEAN ANNUAL PRECIPITATION AND HEATING DEGREE DAYS. 
Mean Annual Heating 
National Forest Com- Precipita- Degree 
Reg. State No. Name p1eted tion, in. Days 
8 Alabama 89. William B. Bankhead ~es 52 3 2500 
90. Conecuh yes 56 1,500 
91. Talladega ~es 52 2,500 
92. Tuskegee no 53 22 000 
Arkansas 93. Ouachita ~es 50 22500 
94. Ozark ~es 45 32500 
95. St. Francis ~es 49 32 000 
Florida 96. Aea1achico1a ~es 50 32000 
97. Ocala ~es 50 3 2000 
98. Osceola :fes 50 32 000 
Georgia 99. Chattahoochee no 51 32500 
100. Oconee no 47 2 2500 
Kentuckx 10l. Daniel Boone :fes 45 4 2 000 
Louisi- 102. Kisatchie no 56 2,000 
ana 
Missis- 103. Bienville ~es 51 22 000 
sippi 104. Delta :f~s 50 22500 
105. Desota :fes 59 1 2 500 
106. Ho11~ Serings :fes 52 3 2000 
107. Homo chit to :fes 55 1 z500 
108. Tombigbee :fes 52 2 2500 
North 109. Croatan :fes 49 2z000 
Caro- llO. Nanjaha1a ~es 54 4 2000 
1ina 111. Pisgah :fes 52 4 2000 
112. Uwharrie ~es 46 32 000 
Puerto 113. Caribbean 110 
Rico 
South 114. Fr ancis Marion no 45 22 000 
Caro- 115. Sumter no 45 2 2 500 
Tennes- 116. Cherokee yes 48 4,000 
see 
Texas 117. Angelina no 45 22 500 
118. Dav:f Crockett no 45 22 500 
119. Sabine no 45 22500 
120. Sam Houston no 45 22 000 
Virginia 121. George Washington :fes 41 42500 
122. Jefferson ~es 43 4 2500 
9 Illinois 123. Shawnee :fes 43 4 z000 
Indiana 124. Wayne-Hoosier yes 40 5,000 
& Ohio 
Michigan 125. Hiawatha ~es 29 8 2 500 
126. Huron-Manistee :fes 29 72 500 
127. Ottawa :fes 32 9,500 
(Continued) 
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TABLE A.1. NATIONAL FORESTS CONSIDERED IN THE SURVEY AND THEIR REPLY INCLUD-
ING VALUES OF MEAN ANNUAL PRECIPITATION AND HEATING DEGREE DAYS. 
National Forest Mean Annual Heating 
Com- Precipita- Degree 
Reg. State No. Name p1eted tion, in. Days 
9 
(Cont. ) Minne- 128. ChiEEewa xes 26 92 500 
sota 129. SUEerior no 27 92 500 
Missouri 130. Mark Twain no 42 4,000 
New Hamp- 131. White Mountain yes 42 8,000 
shire & 
Maine 
Pennsy1- 132. Allegheny yes 40 6,500 
vania 
Vermont 133. Green Mountain Xes 40 82 000 
West Vir- 134. Monongahela yes 45 5,000 
ginia 
Wisconsin 135. Cheguamegon xes 31 92 500 
136. Nicolet xes 29 82500 
10. Alaska 137. Chugach xes 18 9 2000 
138. Tongass-Stikine yes 92 9,000 
area 
139. Tongass-Chat ham yes 92 9,000 
area 
140. Tongass-Ketchikan yes 92 9,000 
area 
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TABLE A.2. FOREST CHARACTERIZATION QUESTIONNAIRE. QUESTION NO.3 TYPICAL 






























Clay Low Compressibility 
Clay High Compressibility 
Clay Shale 
Silt General 
Silt Low Compressibility 
Silt High Compressibility 
Organic Sil ts 
Including 
gravels, granular material, gravelly 
stoney materials, glacial gravels, 
glacial moraine, glacial till, chert, 
gravels: GP/GM/GC, glacial outwash. 
clay and gravel, clayey gravel or 
clayey sandy gravel, GC 
Silty gravel, silty sand gravel, GM 
alluvium, fluvial deposits 
sand, sandy soils, glacial sand, gran-
itic sand 
sand and gravel, sand or gravelly, 
sand well graded, SW, SP, SU 
clayey sand or clayey gravelly sand, 
coa:cse sand, graywacke, SC 
silty sand, silts and sands, sand 
shale, silty sand or silty gravelly 
sand, residual soil, SM, sandy silt 
clayey soils, clay, glacial clays, 
A-6, A...,.7 
CL, inorganic clay mixtures, lean 
clays, sandy clays, gravelly clays, 
low plasticity clay, silty clays 
clay high plasticity, fat clays, ex-
pansible clays, CH 
silty soils, silts, glacial silts, 
A-4, A-5, palouse silts 
silts. sandy silts, gravelly silts or 
diatomaceous soils, lake bed sedi-
ments, lacustrine silts, phylitic, 
loess, ML 
silts high plasticity, micaceous clay 
or diatomaceous soils, serpentinite, 
inorganiC silts, MH, plastic silts, 
clayey silts 




TABLE A.2. FOREST CHARACTERIZATION QUESTIONNAIRE. QUESTION NO.3 TYPICAL 
SUBGRADE MATERIALS. ANSWERS SUMMARy LIST. (Continued) 
Code Subgrade Material 
18 Loams General 
19 Sandy Loams 
20 Clay Loams 
21 Silt Loams 
22 Volcanic Materials 
23 Organic Materials 
24 Weathered Rock 
25 Rock 
26 Information Not Available or 
Sufficient 
Including 
loams, Gila conglomerate material 
sandy loams, loamy sand, sandy clay 
loams 
clay loams 
silty clay loams, silt loam 
cinder, ash 
wet meadows, muskeg, organic materials 
stone fragments, weathered rock, bro-
ken rock, partially decomposed rock 
argillaceous dolomites, granite,decom-
posed granite, granite gruss, shale, 
limestone, quartzite soil, quartz 
feldspar, gneiss, micaschist soil, 
basaltic soil, sandstone, andesite 
soils material, rholite soil material, 
datil soil material, sedimentaries, 
metamorphic, bedrock, scoria, argil-
lite, schist, yeso formations, igneous 
(intrusive & extrusive), volcanic de-
posits, pumice, hard pan, quarry rum 
shot rock 
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TABLE A. 3 • FOREST CHARACTERIZATION QUESTIONNAIRE. QUESTION ~"'(). 4 TYPICAL 
AGGREGATE MATERIALS. ANSWERS SUMMARY LIST. 
Code Aggregate Material 
1 Natural Deposits 
2 Volcanic Materials 
3 Weathered Rock 
























ri"er gravel, river run, stream deposits, 
outwash gravels, clay gravel, glacial depo-
sits, glacial till, boulder conglomerate 
(consolidated gravel), terrace gravels, na-
tural gravels, chert (GP), natural bank mat-
eral 
igneous, cinders 
tuff, metavolcanes, volcanic outcrops 
(Continued) 
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TABLE A.3. FOREST CHARACTERIZATION QUESTIONNAIRE. QUESTION NO. 4 TYPICAL 
AGGREGATE MATERIALS. ANSWERS SUMMARY LIST. 




30 Crushed Stone not Spe-
cified 
31 Information Not Avail-
able or Sufficient 
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TABLE A.4. FOREST CHARACTERIZATION QUESTIONNAIRE. QUESTION NO. S.a MOST 
USED SUBGRADE MATERIAL TESTING ME'TIiOD. ANSWERS SUMMARY LIST. 
Code Met hod 
1. Resistance R-Value and Expansion Pressure of Compo Soil 
2. CBR (AASHTO T-193) 
3. Density Measurements 
Proctor (AASHTO T-99/S.S lb Rammer & 12" Drop) 
Modified Proctor (AASHTO T-1SO/10 lb Rammer & lS" Drop) 
In Place Test Using Sand Cone Method (AASHTO 191) 
In Place Test Using Rubber-Balloon Method (AASHTO 205) 
In Place Using Nuclear Methods (AASHTO T-23S) 
4. Moisture Measurements 
Using Calcium Carbide Gas Pressure (AASHTO T-2l7) 
In Place Test Using Nuclear Methods (AASHTO T-239) 
5. HVeem Stabilometer 
6. Sieve Analysis 
7. Field Evaluation 
S. Soil Support Using PI and Haterial Passing No. 200 Sieve 
9. None 
10. AASHTO Methods General 
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TABLE A.S. FOREST CHARACTERIZATION QUESTIONNAIRE. 
USED AGGREGATE MATERIAL TESTING METHOD. 
Code Met hod 
1. Los Angeles Abrasion (LAA/AASHTO T-96) 
QUESTION NO. S.b MOST 
ANSWERS SUMMARY LIST. 
2. Durability or Degradation (Production of Plastic Fines in Aggregates 
3. Plastic Fines in Graded Aggregates and Soils by Use of Sand Equiva-
lent Test 
4. R-Value 
5. CBR. (AASHTO T-193). 
6. Density Tests 
Modified Proctor (AASHTO T-180) 
Proctor Test (AASHTO T-99) 
Using Nuclear Methods 
Washington Densitometer 
7. Specific Gravity and Absorption of Coarse Aggregates 
8. Atterberg Limits Tests 
Determination of Liquid Limit (AASHTO T-89) 
Determination of Plastic Limit (AASHTO T-90) 
9. cGradation Tests 
Amount of Material Finer than 0.075 mm. (No. 200) sieve 
Sieve Analysis of fine and coarse aggregate (AASHTO T-27) 
10. Hveem Stabilometer 
11. Sodium Sulfate Soundness 





14. AASHTO Methods General 
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TABLE A.6. FOREST CHARACTERIZATION QUESTIONNAIRE. QUESTION NO.9 TRAFFIC 
MEASURING SYSTEMS ANSWERS SUMMARY LIST. 
Code S Y i3 t e m 
1. None 
2. Traffic Counters in General 
3. Inductive Loops 
4. Electronic Counters 
5. Magnetic Counters 
6. Manual Counters 
7. Pneumatic Counters 
8. Random Sampling 
9. Relation with Volume of Timber 
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TABLE A. 7. FOREST CHARACTERIZATION QUESTIONNAIRE. QUESTION NO. 12, TOPO-
GRAPHIC CONDITIONS. ANSWERS SUMMARy LIST. 
Side Slope 
Code Topographic Condition % 
1 Flat to Rolling o - 15 
2 Gently Rolling to Hilly 15 - 30 
3 Mountainous 30 - 50 
4 Steep Mountainous +50 
5 Information Not Available 
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TABLE A.8. FOREST CHARACTERIZATION QUESTIONNAIRE. QUESTION NO. 13 ENVIRON-




1 o - 5 
2 6 - 10 
3 11 - 15 
4 16 - 20 
5 21 - 25 
6 26 - 30 
7 31 - 40 
8 41 - 50 
9 51 - 60 
10 61 - 70 
11 71- 80 
12 81 - 90 
13 91 - 100 
14 101 - 110 
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TABLE A. 9. FOREST CHARACTERIZATION QUESTIONNAIRE. QUESTION NO. 13 ENVIRON-
MENTAL FACTORS. HEATING DEGREE DAYS GROUPS. 
Heating 
Group Degree-Days 
1 o - 1000 
2 1001 - 2000 
3 2001 - 3000 
4 3001 - lLOOO 
5 4001 - 5000 
6 5001 - 6000 
7 6001 - 7000 
8 7001 - 8000 
9 8001 - 9000 
10 9001 - 10,000 




TABLE A.10. RELATION BETWEEN THE SUMMARY TABLES AND THE QUESTIONS OF THE 
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11.1 QUANTI'ICATION 0' TV'CAL SUIGRAOI MATIRyALI. 
••••••••• *** ••• **.*******.**.***.**.**.***************** 
• * • * • TVllteAL IUIGRAOE MATERIAL. * NO~ 0' * IIIRe; 0' * • • N' WITH * N' WITH * • NO. • N A M I • THII MAT * THII MAT * 
* * * • • .**** •••• *.***** •••• ***.****.***.***.*****.** •• *.******* 
* 1 * ("UVEll GEN!AAl • 2. * 2!~" * • 2 * IANOV GfUV!L" • 4 • :1,'4 * • 3 * ClAY!Y GRAVIL * 4 * :1,'4 • • 4 * IILTV GRAVEL * 11 * 8,8! • 
* IJ • ALLUVIUM * :I • 2," * • • • SAND G!NIRAl • 18 • 1','3 * • , * GRAVELLY ,ANO * • • 1J,:l1 * 
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, • .,19 * 
* 9 * SILTY SAND * I. * 1',81 * • Ul • CLAY GENIRAL • 2. • 21,24 • • 11 * CLAY LOW COM'RISSI! • I! • 1:1.2' • • 12 • CLAY HIGH COMIIRESI18 • • • '~:ll • • 1:1 • CLAY SHALl * , • • l' • • 14 • St~T GRAL * " • 115;84 * • I! • SILT LOW COMIIAlllt. • 11 • lIJ,I4 * • I' • lILT HIGH COM'RESSta • , • .,1' • • I' * ORGANIC It~TS • 1 • .11 • • 18 • LOAMI GRAl. • IJ • .,42 • • I' * SANDV LOAMI • II • 4,41 • • 21 • CLAY lOAMS • • • ',31 • * 21 • Ir~T LOA ... I * IJ • 4,42 • • 22 • VOLCANIC MATERtALS • , • .,19 • • 2:1 • OIltG,NIC M'T~RIAL8 • ., • .,19 • • 24 • WEATHERED ROCK • I • ., 18 • • 2! • A a e I( • 44 • SI:94 • • 2. • IN' NOT AVAt OR aU'! • 2 • I • ." * •••• * ••••••••••••• * ••• * •••••••• * •••• * •••••••••••••••• * •• 
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11.B QUANTI'ICATION 0' TYPICAL AGGR!GATI MAT~RIAL •• 
. -.......................... ' ............................ 
- • • • .. TYPICAL AGGR!GATE MiT!RIAL~ • NO~ a, • PIRC; 0' • • • N' WITH • N' WITH • • NO. • N A M E • THIS MAT • THIS MAT • - • • • • _ ••• -.* •••• * ••••••••••••••••••••••••• * •••• * ••••••••••••• 
* 1 • ,..ATURAL DEItOSITS • .3 • 38,15 • - 2 • VOLCANIC MAT~RIALS • lZ * tl,6Z • - 3 • WEATHERED ROCK • t • 88 • - 4 - VOLCANIC ROCK8 GRAL. • 111 • 8'85 • - 5 • PEGMATtT! • 1 • '88 * , • 6 • DIOIUT! • , - .,.2 • - , • AND!ltT! • 16 .,. t4,16 • - 8 • GRANtT! • 24 • 21,2. • - q • IUSAL T • 2' .,. 23,8' • - II • GABBRO • 1 • ,88 * - 11 • DJABAS! • 1 • ,88 • • 12 • SCORIA • 1 • ,88 • 
* 13 • RHYOLtT! * 8 • ',18 • • t. • METHAMORP ROCI< GRAL • 8 • , 18 • - 15 • QUARTZITE • 14 • 12:3. • - 16 * SCHIST • I • 1," • .. 
" * 
PHYLLITE * 2 • I," * - 18 • GN!tSI • 5 • 4,42 • - I' • SERP!NTIN! * 1 - ,88 • - 2" • MARBL! * 1 • 88 • .. 21 .. SED!M!NTA ROel< GRAL • 4 • 3:'. • - 22 • LIM!ITON! • 32 • 28,31 * .. 23 • 'ANDITON! • , • 6.1' • 
- 24 • CALICH! • 1 - ~88 • - 25 • MITAIILTITON! • 1 * ,88 • - 26 • MUDSTON! * I • 1,1" * - 2' • SHAL! • 3 • 2," • - 28 • GRAYWACK! * 3 .,. 2," • - 2' • ~RGtLLITE • , • 4,42 • .,. 3" * CRUSHED ITO,..! NOT I' * , * " l' • • 31 • IN' NOT AVAI OR au,t * 3 • 2.6' • _ ••••• * •• * ••• * ••••• * ••••• * •••••••• **.*** •••••••••••••••• 
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t • CLIARU!!R 
2 • IPN~,IT."AAI!s ZON! 
3 0 NUPERC! 
4 • 'UV!R~U!) 
I • 'ITTERROOT 
• • CUIT!R 
T • OURLODIt: 
8 0 'Ln~uo 
• 0 !ULLAUN 
sa 0 II!L!NA 
II • KanT!NAI 
II .. LEwIS • e~ARK 
13 • LOLO 
14 .. AAAPA~O • AODa!VILT 
I' .. OAANO "IIA,UNCO"+IUN 
IT .. AIO IUNO! 
U .. ROUTT. 
I" .. hN JUAN 
II .. W~IT! AIV!I 
21 .. NEUUU 
II .. 'LACK ~ILL8 
;n .. 8111<OAN 
14 .. MEOleIN! 'oW 
II .. I~OIHONI 
" .. APACH! IITGA!AVES 
2T .. COCONINO 
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I • .. tUIU' 
11 • PIIUCOTT 
n .. eAlIlON 
34 .. ttL' 
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3 ... SANTA '1 
:IT • SOISE 
411 • PAY!TTI 
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U .. ""LEV 
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.2 • IIII0GEII-T!TON 
• e;S~A, 
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o ~VEEM STAlll0MET!A 
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• 0,NI11' MIAIUAIM!NTI 
e,.,A, 
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• A, yA~U! 
• e,I,A, .. e,a. A• 
• A, YA"UE 
• e,I.". 
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• e;I;II; .. e,I .... 
.. . C.I.A. 
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C.I. I • 
NON I 
• A; VALUI 
.. A, VALU! 
• IIY!IM ,TAS11.0MIT!1I 
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• e.I.A • 
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• ~,l'ALUE 
* C.I.I. 
• • • .. 
• • • .. 
• • .. 
• .. 
• • • .. .. 
.. 
• • .. 
• • • • • 
• .. 
• • .. 
• .. 
• .. 
• .. .. 
• • 
L~I ANOEL!I A.RAIION .. 
Lnl ANGELEI AIAAIION .. 
Lnl ANG!L!I AIRAISON • 
Lnl ANlrL!' ASAAltON .. 
O!NISTv T!ITI • 
ou.,IILtTV OA D!GAAD .. 
Lnl ANG!L!I AIRAIION • 
Lnl ANO!LIS AIIIAIION .. 
LOS ANI!L!I A!AAatON .. 
Lnl ANG!L!I AIAAltON • 
Lpl ANI!L!' ABII'IION • 
e.I:R. * 
AAI"TO M!TIIODI OA1L • 
lnl lNIEL'S AllIAalON • 
C'II'A" • 
LOI'l~G!L!1 llRlllON • 
Lnl ANG!LEI ASAAIION .. 
Lnl ANG!LII l'AAltON .. 
N " !oj ! .. 
OrNIITV TUTI • 
Lnl lNGELEI llRAltON • 
Ln. ANG!L!I llRAllON • 
Lol ANG!LII lSIIAIION • 
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e,I,., • 
e.I... .. 
orN81TV TISTS • 
Lnl ANIIL!I &8I1A8rON • 
AAI~TO METHOO. OA&l 
Loa ANGIL!I AIAAIION 
Lol ANGILle AIAAIION • 
snDIuM aUL'AT! IOUNO .. 
e:I.". * 
DUR,ltLITY 011 OIOAAO • 
Lol ANG!LII llRliiON 
L9' lNOILIS AI,A'ION • 
". vAlU! 
My!!M STISllOMITIR .. 
~; vl~UI .. 
c: .1:1. * 
Mvl,.M ITlIILONIT!1 • 
Lol ANorLI' AIIIAIION 
N " til I 
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'l,e QUANTIFICATION 0' THE ~OlT UIID IUIGRAOF MAT!~IAL T!ITING M!THODI 
(USING NU~8FR 0' ~OR!STI AND HILES, 
••••••••••• * ••••••• * •••••••••••••••••••••••• *.* •• ***** •• ** ••••• * ••• **** •• * •• *.* •• *** 
* * * * 
* T! S TIN G H E THO 0 * NUMIER 0' * '!RC!NTAGI * !~U'V'LINT * 'fRCINTA * 
* * NF U'ING * N, USING * MfL!a * MIL!S * 
* NO~ * N A M I * TH! METHOD • THE METHOD * USING THIS * USING TH * 
*. * * * * * 
*************** •• ******.***** •• **********************************.************.***** 
* 1 * R; YULJ! * IT * 15;14 * 4,521,111 • 11,55 * • 2 * C,B,It~ * 5' * 52,21 • t4."',11 * !e,'1 * 
* I * D!NSITV ~!'SUItEMENTS * 11 * e,A! * hU2.Z. * 6,64 * * 4 * MOIITUR! ME'SUREMINT * • * .,11 * I,ll * I,ll * * ! * HY!!M STAAILOMET'R * 4 * I,!. * ""'~1IIJ * a,ll * * 6 * SUYI! AN'LVSlI * • * 1,1' * 1,1" * 1,1110 * * 1 * '1ILD EV'LUATION * 4 * 1,511 * 11114, •• * 2,4. * 
* I * SS USING PI 'NO .2'1 * 1 * ,II * "U," * 1,20 * 
* • * N tI N I! * 16 * 14,16 * U n l,5111 * fI,II. * * II * A'IMTO M!THODS 'RAL * 2 * 1,11 * .6"'," * 1 •• 1 * 
*.*******************************************.************************************** 
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ti.D QUANTI.ICATIDN O. TH! MOST UIID AGIRIGA', MAT!AIAl TISTtNG ~!THDD' 
(USING NUM8lR O •• OAISTI AND MILlS' • 
•• ********************************************-*** ••• *.* •• ** ••••••••• ** ••••••••••••• 
• • * • * T! I TIN G M ! THO D • NUMB!R 0 •• 'ERCENTAG! • I~U!VAL!NT • PIRC!NTA • 
* • N' UIING * N, UIING * M'LES • MILES • 
* NO. * N A H! * TNI MITHOD * TN! MITHOD * URING THI. * UIING TH • 
* * * * * * * 
*********************************.**.***.**.** •••••• ** •• *.* ••• * ••••••• *.* ••••• * ••• ** 
• 1 * LOS ANG!LES A~RASIDN * 4J * JI~e5 • tl~'iJ,I0 * 44.51 • 
* 2. DURABILITY OA DIGRAD. 6. 5,J1 * 1~"'.~0 * '.I~. 
* J. P~AITIC .INES IN G~A. 1. ,~I * PJI1.11. ,'0 * 
* II. R, yA~U! *, • 4,12 * nu,.u. 1.13. 
* 5 * C.B.R' * t1 * 15,84 * 313"2,113 * 12.Jl * 
* ~ * D!NSITY TEITI * I * 1,el * 1,216." * 4.'" * 
* 1 * S,Ecr.IC GRAVITy * • * I,ll * 1.01 * 1,10 * 
* A * 'TTIRBIRG LIMITS TEl * 1 * ,SI * 6111.10 * 2,11 * 
* ,* GRADITION TEIT * 2 * 1,11 * ,,11.00 * 1.51 * 
* 10 * HV!EM STIBILDMITER * 2 * 1,11 * ,118.41 * 1.24 * 
* tt * SODIUM SUL.lT! SDUND. 1 * ,88 * 1 ~'~.Ie • ," * 
* 12. MISCELLINIOUS MITHDS * 4 * J.54 * _211.00 * J.Jl. 
* tJ. NON E * 21 * 11,11 * 2~1"5~00 * l,tJ. 
* 111 * 'A'HTD METHODS GAIL * J * 2,~5 * 1411,~e, * '.65 * 
***********.**.***.***.****.****** ••• **.*.* •• ****.*** •• ********.***************.**** 
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A summary of the ideas, concerns, op~mons and suggestions about Failure 
Criteria for the aggregate surfaced roads is presented in the following 
pages. 
The prinCipal purpose of this discussion was to discover the key factors 
or parameters which define failure of the road and concentrate our research 
and data collection efforts on these. This knowledge will allow us to design 
the road to that condition when the road is considered to have II failed" (not 
necessarily a catastrophic occurrence). 
Some of the factors or parameters that were discussed as potential 
components of the Failure Criteria are (1) rutting, (2) corrugations, (3) 
aggregate loss, (4) degradation, (5) dusty surface, (6) riding quality, and 
(7) safety. 
It was also suggested that in defining the failure criteria, we should 
identify and consider the type of the road as well as its purpose. 
Rutting 
Rutting as a failure criteria comes from the Corps of Engineers; maximum 
permisSible value of rutting is 3 inches. 
Three types of rutting were identified during the discussion: 
(1) classical or densification, 
(2) redistribution of gravel by the traffic action, and 
(3) shear failure. 
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Obviously the three types are not going to occur at the same place or ~t 
the same time. It was mentioned that rutting is important not only because 
it represents distortion or distress; it is also important because of the 
presence of surface channels, which will carry water. 
A general feeling among the attendees was that of the three types of 
IUtting, the first and the second types do not have to be included in the 
definition of the Failure Criteria and are closely related to the maintenance 
effort. We should include rutting due to shear failure. It was stated that 
this type of rutting is important because we do not have enough surface layer 
depth on the road to provide the required strength. Rutting of the surfacing 
layer due to shear failure can be related to subgrade rutting. Also, it was 
mentioned that if the rutting is on the surface, it will be easy and 
inexpensive to repair (blading); if it is in the subgrade, it will have more 
serious consequences and the correction of this defect will be difficult and 
expensive. 
The fact that it is difficult to recognize or predict when the damage 
begins extending from the surface to the subgrade, as well as the complexity 
of measuring this parameter, was emphasized. An important characteristic of 
rutting is that the depth of rutting increases rapidly after the first signs 
of distress. 
Other opinions indicated that rutting on the surfacing layer should be 
included in the Failure Criteria. It was mentioned that 2 or 3 inches of rut 
depth is very significant as a failure criteria. It was also said that 
IUtting is closely related to the roughness of the road. 
It was pointed out that we can not deny the wide extent and presence of 
rutting. In some regions of the Forest Service, a great amount of rutting 
due to densification has been observed, while in others the presence of 
rutting during summer has been insignificant. It was said that longitudinal 
IUtting is not a controlling factor, because, in almost all the cases of 
failure, something else is the controlling critical failure parameter. For 
example, the road could fail first due to the washboarding phenomenon, than 
due to the presence of rutting. 
It was also mentioned that the moisture content has a large influence on 
the amount of rutting. The rut depth will be different during the dry season 
than during the wet one. 
In the view of some representatives of the Forest Service at this 
meeting, rutting may be considered as a major problem of the road but it is 
FOssible that with good maintenance the problem would not exist; thus there 
may be other parameters causing the failure of the road. It appears that 
IUtting should be a matter related to maintenance rather than to Failure 
Criteria. 
From the experience and observations of some roads of the Forest 
Service, sometimes a 6-inch rut depth has not been a problem. The experience 
of some researchers in Brazil indicates that rutting is not very prevalent 
and possibly should not be considered seriously in the Failure Criteria. In 
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thi~ part of the discussion, it was recommended that some qualitative 
measure, such as PSR, be used in establishing the Failure Criteria. 
Corrugations 
Corrugations are related to roughness. They are a definite problem on 
aggregate surfaced roads. 
Aggregate Loss 
Aggregate loss was accepted as a problem and should be a 
determining the Failure Criteria of the aggregate surfaced 
important fact mentioned during the brainstorming session was that 
of the aggregate loss is attributed to maintenance operations. 
Degradation 





It was mentioned that dusting is becoming a very high-cost, service-wide 
factor and should be considered in association with disintegration of the 
material and aggregate loss. This phenomenon should be focused on as a 
consequence of those factors previously mentioned. Also, it was suggested 
that this problem could be faced by using special maintenance procedures and 
should be covered in the maintenance program of the road. A dusty surface 
has an important effect on maintenance cost, as well as on the safety of the 
road. 
Riding Quality 
This factor was not defined in Chapter 50 but is included in the PDMS 
computer program by using the PSI concept from the AASHTO Road Test. This 
factor has a very big influence on the thickness design. In the opinion of 
some of the attendees of the "brainstorming session," riding quality is 
closely related to roughness and rutting. Other opinions were that the 
riding quality was related to roughness, as well as to operating speed and 
kind of traffic on the road, which depends on the purpose or type of road 
under consideration. 
In this part of the discussion the existence in the Forest Service 
Policies of five different levels of maintenance was mentioned; the policies 
recommend taking into account the purpose of the road, (i.e., recreational 
road, timber hauling road, etc.). Each of these maintenance levels obviously 
will produce a different riding quality. The comment was made that the 
Failure Criteria should be those things which control the thickness of the 
aggregate. Riding quality seems more to be composed of or related to 
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maintenance schedule or something that will help in the 
of aggregate to be used. For all those reasons, it was 
~ality should not be included as a parameter of 
Qpposite to this recommendation, there were some who 
qlBlity should be included in the Failure Criteria. 
selection of the type 
suggested that riding 
the Failure Criteria. 
thought that riding 
For some other Forest Service Engineers, riding quality could very well 
be a design factor for cont~olling maintenance design, and it is a factor 
that the land manager can relate to roughness. In the same way, riding 
qlality could be included and handled in the operating cost concept. 
In the Brazil project, the riding quality of the aggregate surfaced and 
asphalt surfaced roads was measured by using a specially developed index 
called Quarter Car Index (QI), in order to have a larger scale for measuring 
both types of roads. From this project two important opinions were 
mentioned: (1) after each blading, the value of roughness and, consequently, 
riding quality will always be different, (2) a minimum value will protect the 
road from severe damage, even during the wet seasons. 
Some important suggestions mentioned during the discussion of the riding 
quality as a factor of the Failure Criteria are the following: 
(1) It could be interesting to determine the influence of maintenance 
on the structural capacity of the road. 
(2) Considering the PSI concept in relation to aggregate surfaced 
roads, it is very important to develop an interim procedure for 
design of aggregate roads, and it looks like the AASHTO equation 
does not apply very well to the aggregate surfaced roads. 
(3) Maintenance criteria are needed in the actual operation of the PDMS 
computer program. In the future, it is expected the program will 
predict when to maintain and where, in order to provide a certain 
riding quality. 
Safety 
The general feeling was that this factor should be included in the 
formulation of the Failure Criteria for Aggregate Surfaced Roads. In the 
last part of the discussion it was recommended that research efforts be 
concentrated primarily on the distortion factors, such as rutting and 
roughness, as well as on economical or cost factors for defining the Failure 
Criteria. After that, other factors, such as comfort and safety, should be 
studied. Trying to do this in as simple and straight forward a way as 
possible, with the establishment of priorities, was emphasized. Also, 
choosing typical sections of the road and measuring, over a period of time, 
the cost of maintenance and the cost of materials to determine the 
relationships of the key variables was suggested. 
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DATA COLLECTION DISCUSSION 
The second part of the '-brainstorming" session consisted of the 
identification of the most important and significant variables related to the 
sggregate surfaced roads. A summary of these ideas, as well as suggestions, 
~commendations, and concerns, is presented in the following paragraphs. 
Two major ways of collecting information were proposed: 
Main Study. This study will analyze a few variables (probably less than 
10) a~he data will be collected in all the regions of the Forest Service. 
Satellite Studies. If we have specific concerns about some variables, a 
particular study called a satellite study will be developed. This satellite 
study will take into account very particular correlation studies. 
Material Properties 
(1) Variables that characterize the 
analysis and Atterberg Limits, 
satellite studies. 
materials are the gradation 
which should be collected in 
(2) The studies, main and satellite, should measure or comprehend all 
the properties of the materials. 
(3) Initially, information should be collected on those variables which 
have an important economical influence (i.e., crushed aggregate). 
(4) Information should be collected about deflection, from which 
important characteristics of the materials may be obtained. 
(5) This collection of data should be done taking into account the 
seasonal variations of the variableo. 
(6) Information should be collected on layer thickness and number of 
layers. 
(7) In!ormation about moisture content, density, and resilient modulus 
should be collected, according to some opinions, in the main study 
and to others, in the satellite studies. 
(8) Hardness (soundness) of the aggregate should be measured. 
(9) Particle shape of the aggregate may be studied in the main study 
and graduation in the satellite studies. 
(10) Aggregate properties (degradation, gradation, particle shape, etc.) 
should be included in the satellite studies. 
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(11) Take in<to account that for some places, some variables are more 
important than for other places. 
(12) In satellite studies, the following variables should be included: 
(a) degradation testing, 
(b) determination of resilient modulus in the lab and correlation 
with field determination, 
(c) seasonal variation of moisture and density, 
(d) correlation between strength testing methods, and 
(e) stability of surfacing. 
These variables could be correlated with the major characteristics 
or parameters of the main study. 
(13) The structural capacity may be obtained by using the unconfined 
compressive strength. 
Traffic 
For the main study, The University of Texas personnel proposed to 
collect the following information: number of applications and distribution 
of the traffic (passenger cars, pick-ups, and logging trucks). For a 
satellite study, the measurement of the axle loads was suggested. 
Distribution of traffic is extremely important. Further items to be 
considered are: 
(1) Using photo-counters to obtain the distribution of traffic. 
(2) In some regions of the Forest Service, camera counters are 
successfully used to obtain information on traffic. 
(3) In a satellite study, measuring the relationship between aggregate 
loss and vehicle speed. 
(4) Basing traffic analysis only on timber hauling trucks, ignoring all 
the passenger cars. 
(5) For pavement design, developing a relationship between traffic and 
some other parameter, such ass MMBE, in a satellite study for the 
particular case of timber haul roads. 
(6) In the determination of the traffic, emphasizing the purpose of the 
road (e.g., on recreational roads, garbage trucks constitute the 
majority of the heavy loads). 
249 
(7) Taking into account the construction vehicles and equipment on the 
road during the construction or reconstruction phases. 
(8) Including in satellite studies the measurement of horse power and 
weight ratio. 
(9) Measuring, also, the tire pressure in a satellite study. 
(10) Including in a satellite study, the configuration and type of 
axles. 
(11) Taking into account seasonal distribution of traffic also. 
Environment 
For satellite studies The University of Texas proposed to collect data 
on the following: 
(1) depth of frost penetration, 
(2) temperature, and 
(3) precipitation (rain and snow), 
which could be obtained from the U.S. Weather Bureau. 
Obviously, seasonal distribution of each variable needs to be obtained. 
Taking into consideration the location of weather stations was suggested 
because sometimes the road site may have different climatic conditions 
(elevations). The U.S. Forest Service has weather stations in various areas 
of the country. In the satellite studies, the particular characteristics of 
the road, such as shaded areas, which do not exist in typical U.S. highways, 
must be taken into account are 
(1) groundwater table, 
(2) snow depth, 
(3) elevation, 
(4) wind, and 
(5) freeze-thaw periods. 
Economic, Maintenance, and Construction 
In the satellite studies, The University of Texas proposes to collect 
information on 
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(1) construction and maintenance costs, 
(2) salvage value, 
(3) construction quality control, and 
(4) maintenance (number of bladings). 
It was suggested that the number of bladings should be taken as a part of the 
main study. Reports about this variable are carried by some of the regions 
of the Forest Service. These reports include the work that was done, time 
~at was used~ labor, equipment, and material cost. Collecting information 
~ich could solve the following concerns was suggested: 
(1) effect of snowplowing on aggregate loss, 
(2) how to program seasonal closures, 
(3) relate the degree of construction control with the performance of 
the roads, 
(4) quality blading and how it relates to riding quality, 
(6) how total maintenance cost relates to performance of the road. 
A satellite study must show whether or not there are some benefits from 
adding water and rolling as part of maintenance. The 'May in which the road 
is operated may also affect the maintenance and performance of the road. 
Another satellite study should cover the aspect of energy cost of the 
maintenance operation. Also, in these satellite studies the cost of factors 
such as tire wear, accident, and delays should be analyzed. Variation of the 
subgrade support should be measured, and the construction quality 
Iequirements should be studied in such a way that a better relationship 
between cost of inspection and quality achieved can be reached. Due to the 
importance and influence of the parameter "salvage value" on the PDMS 
program, and to the shortage of information for the determination of this 
parameter, a special study which could give recommendations or equations 
should be developed. 
Data Collection, Retrieval, and Administration 
In order to measure the relationships between the different kinds of 
maintenance and performance of the road, the use of separate test sections 
rather than different parts of one section was suggested. It is important to 
identify the non-traffic deterioration. Each year the road is reviewed by 
the Forest Service in accordance with the operation of the road and the 
expected use of the road (hauling timber, recreation, etc.) and a maintenance 
level is recorded. Short term commitments are to organize the data base with 
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a ~mooth transition of collecting data. Long term commitments (after data 
are obtained) are to determine who is going to be responsible for the 
successful collection of data. The regional level should supply, if 
necessary, the financial help. 
It was also mentioned that the Washington office of the Forest Service 
should be responsible for coordination between the Regional Offices and The 
Uhiversity of Texas. Other alternatives would be the formation of some three 
or four "data collection teams," which collect all the data allover the 
united States. A team leader could be the project coordinator and be 
responsible for storage of the data and checking it. The information could 
be submitted to this team leader by the other crews. These teams do not have 
to be composed of Forest Service personnel. 
Also mentioned, was the possibility that some regions could share 
resources for data collection. The personnel from the Forest Service should 
be responsible for collecting data because they are going to use it. If 
financing is necessary, it should be supplied. Another alternative is to put 
the Research Arm of the Forest Service in charge of this activity. 
Cost of the data base will most likely be founded as a special item, and 
the regions of the Forest Service will not have to sacrifice money or man 
power. Also suggested was that the satellite studies should be coordinated 
and checked by the University of Texas. Special tests could be 
subcontracted. 
Measurement of Roughness 
Roughness is the key factor in the PSI and may be measured by using the 
following equipment: Mays Meter of Coxmeter. Both devices are based on the 
movement between" frame and rear axle. A more sophisticated device is the 
profilometer; the General Motors Profilometer could cost approximately 
~25,000. The Mays Meter installed in an automobile costs $1,500 to $2,000. 
This device, as well as the Coxmeter, requires constant oalibration and is 
subject to a wide error (frame changes, tire ohanges, etc.). The University 
of Texas may propose to use the Mays Meter on the Forest Service roads. In 
some regions of the Forest Service, the Coxmeter has been used. 
Measurement of Aggregate Loss 
The use of the benohmark in the subgrade was suggested for measuring the 
gravel loss. When measuring the aggregate loss, it is necessary to take into 
account that the change in the level of the surface could be attributed to 
the presence of rut depth, or penetration of the aggregate into the subgrade, 
or the aggregate loss only. The use of common surveying techniques oould 
bring about many errors in the measurement of aggregate loss. The use of a 
"roul ti-pin-level" was suggested for measuring the surface profile. Keeping 
track of the measurements of rutting, aggregate settlement of the 
cross-section, etc., but independently of eaoh other, was suggested. The use 
of an inclinometer and paoometer was suggested. Keeping records of how much 
gravel is added to the road during certain periods and relating this to the 
252 
amount ~f timber that has been carried off during the same period was also 
suggested. By finding the ratio of aggregate loss per timber hauled and by 
measuring the layer depth at any time and making a comparison between the 
value and the value measured at the time of construction, the volume and, 
consequently, the aggregate loss could be inferred. 
Measurements Frequency 
It will be a function of what results are desired. The frequency will 
be a function of the performance of the variables. The use of statistical 
techniques to obtain the measurement period of each variable was suggested. 
~ke an experimental study and determine the intervals to measure the 
variables by using statistical techniques. One suggestion was to make 
measurements in each season, thus taking into account seasonal variations. 
Also suggested was oversampling at the beginning and, according to the 
variations observed, modifying the criteria. 
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APPENDIX D. PCA ROAD METER MEASUREMENT VARIABILITY 
Several studies have been performed in order to check the 
~producibility of results from the PCA Road Meter. Among them we can 
mention the study carried out by The Minneeota Department of Highways, 
documented in Ref 28. During this experiment, the repeatability of the PCA 
Road Meter was evaluated under the same operating conditions. Running the 
Road Meter 5 times on 7 sections of pavement, it was found that the it has an 
eccellent repeatablity as shown in Table D.1. 
The second part of the study investigated what changes in operating 
oonditions would affect the results reached with the PCA Road Meter. The 
seven factors involved in the study were: (1) type of tire, (2) tire 
pressure, (3) speed of automobile, (4) load in the automobile, (5) air 
temperature, (6) wind velocity, and (7) type of automobile. A summary of the 
findings in this part of the experiment are presented in the following pages. 
1. Type of Tire 
Initial tests on 6 sections, (bituminous and concrete pavement), were 
made with standard 2-ply tires and winter 4-ply snow tires (all tires 
inflated to a pressure of 30 psi). 
The results indicated that there is no significant difference between 
the output, measured in terms of PSR, obtained with snow tires and the output 
Obtained with standard tires. An average difference of 0.08 PSR units was 
the result of using different types of tires. 
2. Tire Pressure 
As reported by Brokaw, (Ref 27), and from tests conducted in evaluating 
the tire pressure influence, it was found that pressure within the range of 
24-26 psi (cool and static situation) had no significant effect on 
serviceability index. 
3. Speed of Automobile 
Tests were run on 19 sections at 30, 45 and 60 mph. It was found that 
vehicle speed significantly affects the output of the Road Rater. The higher 
the speed, the lower the PSR or the rougher the road. An average difference 
of -0.30 PSR units was found when measuring the roughness at 30 mph and at 45 
25(, 
TABLE D.l. REPEATABILITY CHECK OF ROAD METER (REF 27) 
PBR 
TeBt Standard 
Section Maximum Average Minimum Range Deviation 
1 1.50 1.33 1.21 0.29 0.09 
2 1.84 1.58 1.54 0.10 0.03 
3 3,28 3.20 UO 0.18 0.04 
4 3.38 3.26 3.20 0.18 0.05 
II 2.51 2.50 2,48 0.04 0.01 
8 2.52 2.50 2.46 0.06 0.02 
'I 2.'111 2.'11 2.65 0.14 0.05 
~o"': T.II"- with 11166. 2<1oo<.lull'iloll Ford icoil """".1'1< 
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mph. Measuring roughness at 45 and 60 mph, an average difference of -0.28 
ESR units was found. 
4. Load in the Automobile 
A limited number of tests were made to determine what effect different 
vehicle loadings, composed by amount of gas in tank, weight of equipment in 
trunk and number of passengers in car, would have on the output of the Road 
Meter. 
It was found that except for the case of a passenger in the back seat, 
none of the other types of car loadings had any effect on the output. 
Based on these results it 
passenger would sit on the 
one-quarter full, and (c) there 
excluding spare tire and jack. 
5. Air Temperature 
was decided that when testing: (a) no 
back seat, (b) the gas tank would be at leat 
would be no more than 100 Ib in the trunk, 
It was found that low temperatures appears to significantly affect Road 
Meter output. This is probably due to changes in the operating 
characteristics of the shock absorbers and other vehicle components including 
tires. 
After consideration of this variable, it was decided that the Road Meter 
should only be operated at temperatures above 250 F. It was also decided 
that before beginning the testing, the road meter should be turned on and the 
test vehicle driven several miles to allow all components to warm up and to 
check out the counters. 
6. Wind Velocity 
Wind did not significantly affect the Road Meter output until it reached 
a velocity of 15 mph. Crosswinds of more than 15 mph were of the most 
concern because they can result in a change in the static reference position 
of the rolling contact of the road meter. Head and tail winds are of less 
concern than crosswinds. 
Based on this information, it was determined that the Road Meter should 
only be operated when the wind velocity is less than 15 mph regardless of the 
direction. 
7. Type of Automobile 
In order to ensure an acceptable correlation for the output of any 
combination of Road Meter and test vehicle, it was found that the combination 
must be calibrated individually with the laboratory Road Meter. To avoid any 
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change in Road Meter output due to deterioration in vehicle condition, the 
suspension system, shock absorbers, and tires must be maintained in excellent 
condition. Each spring, the shock absorbers should be replaced. 
Periodically, the tires should be balanced dynamically and checked for 
roundness, the front end should be in good alignment and any vibrations that 
may interfere with obtaining accurate output must be corrected. 
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APPENDIX E. MAYSMETER MEASUREMENT VARIABILITY 
Several experiments to determine what factors influence the Maysmeter 
operation and output have been performed. Two of them are the studies 
conducted during the Brazil Project and the one performed by the Texas SDHPT 
and reported by Goss, Hankins and Hubbard et al (Ref 31). 
The factors considered in both studies were: (1) load conditions, (2) 
tire pressure, and (3) and vehicle's speed. During the Brazil Study an 
additional factor was monitored: variation in roughness measurements when 
using the tubeless tires and tube tires. 
In both studies three different roughness levels were selected in each 
case. The results and recommendations obtained from these studies were 
similar. The experiences from the Brazil Study are transcribed in the 
following paragraphs. 
1. Load Conditions 
One run was carried out over each of the three sections at three 
different speeds: 20 kph (12 mph), 50 kph (31 mph), and 80 kph (50 mph) with 
three different loads: no additional load, 90 kg (198 1b), and 180 kg (396 
Ib). The tests were carried out at a tire pressure of 25 psi. The results 
obtained are shown in Fig E.1. From this figure, we may realize that at 80 
kph (50 mph), there are only small differences in the results over all three 
sections with different loads. At 50 kph (31 mph), and 20 kph (12 mph), 
there are relatively large variations, but no trend is apparent. 
As a result of these experiments, a load of 90 kg (198 1b) was selected 
as a standard load in such a way that the only pos$ib1e variation in load is 
a result of the gasoline carried. The factor of the time of the day was 
related to the quantity of fuel carried since the vehicle was filled each 
morning. An inspection of the results taken showed no order in the scatter 
of the morning versus afternoon results; and therefore, the problem of fuel 
carried can be neglected. 
2. Tire Pressure 
In this experiment the standard load of 40 kg (88 1b) was used. The 
tire pressure was varied within the range of 20 to 30 psi (+ or - 5 psi over 
the manufacturerfs recommended pressure). Measurements were taken in the 
same 3 sections as the load effects measurements. The results obtained with 
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Fig E.l. Mays meter results for different loads and different speeds as 
obtained during the Brazil study (Ref 20). 
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increasing slope is small, compared to the range in results, it is meaningful 
and constant enough to influence the results. Since no startling variations 
in results occurred, it was decided to use the manufacturer's recommendation 
of 25 psi as a standard tire pressure. 
3. Vehicle Speed 
As can be seen in Fig E.1 and E.2, Maysmeter roughness is strongly 
dependent on the vehicle speed. Since the majority of the measurements in 
Brazil would be taken on rural roads, it was decided to standardize the 
roughness measurement speed to the general speed limit; in these roads 80 kph 
(50 mph). This decision was influenced by the fact that a lower speed could 
cause a traffic hazard and that at 80 kph (50 mph) a best utilization of the 
eqUipment would be made. 
However, certain conditions such as high roughness on unpaved roads, 
climatic, traffic and safety conditions imposed speed constraints. Two 
alternate operating speeds, 20 and 50 kph (12 and 31 mph) were selected to 
cover these conditions. In all the cases, the highest possible speed was 
used. To be able to correct results at speeds which differed from the 
standard 80 kph (50 mph), correction equations were established from a large 
number of measurements on paved and unpaved roads. The regression equations 
are shown below, where mm being the Maysmeter reading in mm/km, and the 
subscript indicates the speed in km/hour: 
4. Type of Tires 
During the Brazil Study it was found that a vehicle fitted with tires 
and tubes gives a different result than when it is fitted with tubeless 
tires. To avoid problems in this respect, all vehicles were fitted with 
tires and tubes as standard procedure. After fitting new tires and tubes, 
the vehicle was run for at least 100 kilometers (62 miles) to seat the tires 
before balancing. 
Because of the similarities between the PCA Road Meter and the 
Maysmeter, the effect of some factors as load, tire pressure, vehicle speed, 
and type of tire are similar. In the same way, the recommendations derived 
from the studies of the effect of such factors as air, temperature, wind 
velocity and direction, and type of automobile on the PCA road rater must be 
observed for the operation of the Maysmeter. 
264 
Note:rThe Sa II" Indicates the Rar oe 
in Indiv dual Resu Its 
9 \ 
~ T~ 80 km/h -
50 km/h .... 
Section 
8 
E 7 ~ ..... 
M-04 . 






















r 20 km/h 
T 1 ( r 
'Mean of 4 
Readinos 
2 80 kmlh 
... 
T iT Section .. jl. 50 km/h J 
M-09 20 kmA\ 
o 
20 25 30 
Tire Pressure I ps i 
Fig E.2. Mays meter results for different tire pressures and different 
speeds as obtained during the Brazil study (Ref 20). 
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APPENDIX F. :MAYSMETER CALIBRATION PROOEDURES 
Three procedures used for calibrating the Maysmeter are presented in 
this section, namely: the procedure adopted in the Brazil study, the TRRL 
Pipe Calibration Course, and the Rod and Level Procedure. 
BRAZIL CALIBRA TION PROO EDURE 
The calibration procedure adopted in Brazil used the Surface Dynamic 
Profilometer (SDP), to measure roughness, expressed in terms of QI (quarter 
index), over 20 paved road sections which varied from smooth to rough. 
The profilometer was run over each of these sections at regular 
intervals. From these runs, a QI value was established for each section for 
a specific time period. Very little change in the QI value of the majority 
of sections occurred during the project since they were located on lightly 
trafficked roads. 
The Maysmeter calibration was used by running it five times over each of 
the calibration sections during two days. The first, third and fifth results 
from the first day and the second and fourth result from the second day were 
used to calculate the average Maysmeter output for each of the sections. 
These results were then related to the profilometer QI values for each 
section and a regression equation for each Maysmeter unit was obtained. An 
example of this is shown in Fig F.1. 
In order to ensure the proper operation of the Maysmeter and to check 
that the unit is not out-of-calibration, a control procedure was established. 
This procedure was based, as well as the calibration procedure, upon the 
recommendation proposed by Walker and Hudson et ale (Ref 68). 
The Maysmeter control was provided by comparing the mean and range 
values from periodic test runs against the control limits. Control runs were 
made once per day when the units operated in the vicinity of the calibration 
sections, or before and after each field trip when away from calibration 
sections' zone. 
Each set of control runs comprised the measurement of at least 3 test 
sections for the daily control, or five sections before and after the trips. 
The sections selected for the control runs covered the full range of 
roughness encountered on the calibration sections. Whenever the control run 
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the Maysmeter unit, if the cause of this output was attributed to a 
malfunction in the system, this was repaired, and the vehicle recalibrated. 
THE TRRL PIPE CALIBRATION COURSE PROCEDURE 
This calibration procedure developed by S. W. Abaynayak (Ref 69) from 
the United Kingdom Transport and Road Research Laboratory (TRRL) uses one 
standard section to calibrate any roughness measuring device. Measurements 
are taken for six different roughness levels which are varied by means of 
pipe segment. The rough new range covered varies from 2500 mm/km (paved road 
in good condition) to 14,000 mm/km (unpaved road in extremely poor 
condi tion) • 
The procedure consists of establishing a permanent test section on a 300 
meter (984 ft) long rigid concrete pavement, preferably continuously 
reinforced, at least 20 cm. (7.8 in) thicker. The six different stages are 
as follows: 
Stage Pipes Distribution 
No pipes. 
2 25 pipes at pOints 0,12,24,36,etc. to 288 meters. 
3 25 additional pipes placed at points 8,20,32,36,etc. to 
288 meters. 
4 25 additional pipes placed at 4,16,28,40, etc. to 
292 meters. 
5 39 additional pipes placed at 2,6,10,26,30,34,50,54,58, 
etc. to 266 m., 270,274,290,294,298 meters. 
6 36 additional pipes to fill all spaces at 2 meters. 
The pipes, 2.15 m (7 ft) long and 1 11/32 inches e.d. (heavy gauge 
type), are fixed to the pavement by means of three screws, two driven in the 
15 em. flattened end extreme and third in the center of the pipe. 
Roughness measurements are taken at least three times for each stage at 
a constant speed to establish the calibration. 
This method has been used to calibrate the Maysmeter in Bolivia (Ref 29) 
and in the Kenya Study (Ref 69). 
By using this method only one test section needs to be e.stablished and 
may be used for calibration and control. A correlation between the SDP and 
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Maysmeter, or other roughness devices may easily be established. A 
"rough-typical" section may be used, even in widespread areas, requiring only 
one measurement by the SDP in order to have an absolute roughness value (QI 
or SI). If keeping traffic away from this section, the roughness value is 
almost invariable. 
The disadvantage of this method is that the test section should be built 
especially for this purpose. 
ROD AND LEVEL CALIBRATION PROCEDURE 
This procedure has been used in Brazil for several years as reported by 
C. Queiroz et al (Ref 70), and is based on the use of the traditional rod 
and level measurements to obtain the true longitudinal profile of the road. 
After the profile has been obtained, an absolute index which reflects 
the roughness of the road should be obtained. With the use of this index, a 
relative indicator that one road is rougher than another is obtained. 
A typical index may be, as the one proposed by McKenzie et al (Ref 72) 
called Root Mean Square Vertical Acceleration (RMSVA), and obtained in the 
following way: Let Y , Y, ••• ,Y represent elevations of equally spaced 
points along one wheel path of the profile. If this is the horizontal 
distance between adjacent points (sampling interval), then a simple estimate 
of the second derivative of Y at point i is: 
The distance b = ks we shall call the base length corresponding to VA, the 
resulting measure of: 
where C is the constant that transforms units to ft/sec 
vehicle speed. 
for a given 
It is apparent that specifying the base length b is essential if RMSVA 
is to be a meaningful description of a road profile. It has been found that 
Y increases dramatically as b is decreased. Furthermore, in a typical 
profile, VA is most sensitive to half wavelength approximating b. 
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Wavelengths much larger than b contribute very little to VA. In fact, it 
is this sensitivity of RMSVA to base length that renders it a valuable 
statistic for describing a profile. Therefore, it should not be regarded as 
a single roughness index, but rather as a set of indices, say, VA , 
i = 1,2, •••• , which collectively can reveal many of the pavement 
characteristics usually associated with roughness. 
This procedure may be used in two ways: as a direct roughness 
measurement procedure or as a calibration procedure for other devices as the 
FCA road rater or the Maysmeter. The first approach has been followed in 
Brazil and the second has been used by the Texas SDHPT for Maysmeter 
calibration. From studies conducted at the University of Texas with 
different base lengths, it was concluded that the optimum base length was 8 















































APPENDIX G. DEFLECTION MEASUREMENT DEVICES 
A brief description of each of the most common devices used for 
measuring deflections is presented in this Appendix. This description 
includes operating principle, features, manpower requirements, production 
indicators as well as operation procedure. The devices considered are the 
Benkelman Beam, the Dynaflect, the Road Rater, the Falling Weight 
Deflectometer and three auto-propulsed prototype devices including the 
traveling Deflectometer, the Lacroix Deflectograph and the Waterways 
Experiment Station (WES) 16 kip Vibrator. 
BENKELMAN BEAM 
The Benkelman beam is a simple, hand operated device and is widely used 
for measuring pavement deflections. This d~vice was developed at the Washo 
Road Test and was used at the AASHO Road Test as well as in the Kenya and 
Brazil Studies. It consists of a simple lever arm attached to a lightweight 
aluminum or wood frame, and the deflections are recorded by means of a dial 
placed at one end of the beam. 
The basic operation consists in placing the toe of the beam between the 
dual wheels of a single axle, loaded to 18,000 lbs. ~le dials are zeroed, 
the truck is moved to the next position, and the rebound or upward movement 
is thus recorded. The maximum deflection is recorded to within 0.0001 
inches. 
This equipment is versatile, simple and has a low first cost. In terms 
of operator training, it requires probably as much or more than any other 
devices (Dynaflect, Road Rater, etc.). 
If desired, by reading the dial as the truck tire passes designated 
distances for the measured point, it is possible to obtain a picture of the 
deflection basin under the tire by the principle of reciprocal displacement. 
For optimum operations, three persons are required - one handling the 
Benkelman Beam and the other recording the deflections, plus one truck 
driver. In addition, one loaded truck with an 18,000 lb single axle is 
required along with the Benkelman Beam. 
276 
DYNAFLECT 
It is an electromechanical device, widely used for deflection 
measurements in the U.S. and manufactured by SIE, Inc., Fort Worth, Texas. 
It consists of a dynamic cycle force generator mounted on a two-wheel 
trailer, a control unit, a sensor unit, a sensor assembly and a sensor 
(geophone) calibration unit. 
A sinusoidal force is applied to the pavement by means of two steel 
Wheels. The deflection is measured with five geophones or velocity sensors, 
the first of them located directly between the two steel wheels and the other 
four geophones are spaced at 12 inch intervals in the longitudinal direction 
on the surface of the pavement. The output of the velocity sensor is 
integrated with the recording equipment provided to vertical deflection. 
The vibratory force is produced by two counter-rotating masses that are 
rotating at a constant frequency of 480 rpm. This produces a cyclic vertical 
force of 1,000 lbs. on the loading wheels at a frequency of 8 to 12 Hz. 
This device applies a 2,000 lb. static weight to the pavement. 
Two types of signal conditioning and recording devices are available 
with dynaflect: standard control unit and the digital control system. With 
the standard unit the frequency is monitored on a meter, but the deflection 
from each of the five sensors must be hand-recorded from a single meter by 
switching an indicator to each of the five positions. The digital system has 
a digital display for each of the five sensors as well as a meter for 
monitoring the frequency. A thermal printer can be attached to the optional 
recorder that will record each of the five deflectors and a test number. 
For this particular device, as stated by Yoder (Ref 25), the magnitude 
of load placed on the pavement is quite small, and, hence, it is necessary to 
correlate the results of the D,ynaflect with that of the Benkelman Beam. 
Because of the wide range of this correlation, agencies wishing to relate the 
two devices conduct their own correlation studies. 
In operating the D,ynaflect, the geophones must be calibrated, and after 
that, attached to the device. It is recommended that the device be warmed up 
before operating. The steps involved in the operation are: (1) vibratory 
wheels lowered to the test position, (2) geophones are lowered, (3) allow 
displays to stabilize, (4) record values read, (5) geophones raised, and (6) 
move to the next position (if the test interval is short enough and the 
pavement smooth, the vibrator is left running with the wheels down. 
The required time for the test is around 1 .25 minutes in the case of the 
standard control unit and 0.75 minutes in the case of the digital control 
unit. The operator training will take around one hour and the manpower 
requirements are as shown below: 
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Manpower Requirement Standard Digital 
Minimum 
Optimum 2 (with printer) 
Little maintenance is required, particularly if it is not abused. 
ROAD RATER 
Manufactured by Foundation Mechanics, Inc. of El Segundo, California, 
this device has an operation principle similar to that of the Dynaflect by 
with two basic differences: the force is generated by an electrohydraulic 
system instead of a mechanical system, and the force and frequency of the, 
load applied to the pavement, may be variated. The pavement deflection is 
monitored with 4 velocity sensors. 
The static weight of the Road Rater can be varied through hydraulic 
lines. The frequency can also be selected among a range of 10,20,25,30,40, 
Hz. Force and deflections are read as percentages of full scale deflections 
on the scales of a control display console. Two basic models are 
commercially available. One is truck or van mounted and the second one is a 
trailer mounted unit. 
Similar to the Dynaflect, very little operator training is required. 
The basic operator procedure includes: (1) vibrator lowered to the pavement, 
(2) vibrator unit is turned on, (3) vibrations are generated at a preselected 
force and frequency, (4) data recorded, (5) turn off vibrator, (6) raise 
vibrator, and (7) move to the next position. The time required for test is 
one minute with 15 minutes set-up and calibration time. The equipment is 
truck or van mounted with two operators required. 
Maintenance costs are insignificant if a few preventive maintenance 
steps are followed. Due to little maintenance requirement and fuel costs 
being very nearly equal, operator costs would govern the operating cost. 
When operating this type of device, it is important to be sure that: 
(1) it is properly calibrated, (2) the force being ap~lied to the pavement is 
actually that which it is assumed or recorded to be, (3) recorded deflections 
are properly calibrated, and (4) it is extremely important to check that the 
frequency at which the load is applied is equal to the recorded force, 
because if not, it can affect the force actually generated and because the 
pavement response can vary significantly at different frequencies. 
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FALLING WEIGHT DEFLECTOMETER 
This is a relatively new device in the U.S. and has been developed in 
EUrope by different researchers, such as Bohn and Claessen. It consists of a 
mass which is dropped on a set of rubber cushions. The resulting force and 
deflection are measured by load cells and velocity transducers. The drop in 
height, and consequently the force, can be varied. The control system 
displays the pressure applied to the pavement and the maximum peak 
displacement. 
This device is trailer mounted and carried by any small vehicle. It 
weighs around 1,200 lbs. The sensors are placed by hand and not mechanically 
as in the other devices. (Dynaflect and Road Rater.) 
Two persons are required for proper operation and the operator training 
required is greater than for the Benkelman Beam, and no more than for 
~naflect. 
The steps in the operation are: (1) lower rubber cushions, (2) select 
adequate height, (3) set up load cells, (4) operate, (5) record readings, (6) 
raise rubber cushions, and (7) move to the next positions. The time required 
per test is around 1.5 minutes. 
AUTO-PROFULSED DEFLECTION MEASUREMENT DEVICES 
Based on the working principle of the Benkelman 
auto-propulsed deflection measurement devices have been 
Traveling Deflectometer, the Lacroix Deflectograph and 
EXperiment Station (WES) 16 kip vibrator. 




It was developed by the California Division of Highways and combines a 
truck-trailer unit with a single rear test axle loaded to 18,000 lbs, or any 
other desired load, with a Benkelman Beam type apparatus attached to the 
trailer. As the truck moves continuously along the road surface, a beam is 
alternately placed on the pavement and permitted to rest at a specific point 
until the wheel passes over the reference point. After the deflections have 
been recorded, the beam is mechanically moved forward and the readings are 
repeated. Pavement deflections are measured each 20 feet and recorded to the 
nearest 0.001 inch. The truck-trailer travels at a speed of 0.5 mph. During 
an average working day a single deflectometer, truck and crew of two people 
can perform between 1,500 and 2,000 measurements. 
279 
The Lacroix Deflectograph 
This device, developed by the National Laboratory of Roads and Bridges 
in Paris, France, is used extensively in France as well as in Great Britain. 
The operation principle is the same than for the previous device, and the 
traveling speed is around 1.1 mph. 
The Waterways Experiment Station eWES) 16 kip Vibrator 
The WES 16 Kip Vibrator is an experimental prototype which operates 
electrohydraulically and is housed in a 36 ft. semitrailer containing 
supporting power supplies and automatic data recording systems. The 
vibratory mass assembly consists of an electrohydraulic activator surrounded 
b,y a 16,000 lb. lead-filled steel box. The vibration load can be varied 
from 0 to 30,000 Ibs., peak-to-peak, with a frequency range of 5 to 100 Hz 
for each load setting. 
The load applied is measured by three load cells; the pavement response 
is picked up by velocity transducers located in the 18 inch diameter steel 
load plate and at points away from it. 
The frequencies and the load can be varied by means of a servomechanism. 
An automatic X-Y recorder plots load vs. deflection, and a printer that 
provides data in digital form are some of the instrumental devices. 
Speed of testing is 1 1/2 minutes per location and 60 minutes are 
required for set-up and calibration at the start of the day. Resource 
requirements are four persons as operators and one large truck to house the 















































APPENDIX H. VEHICLE LOAD WEIGHERS 
Two devices commonly used in measuring the vehicles' load are briefly 
described and evaluated througtout this appendix. Those devices are the 
wheel-load weighers and the platform scales or weighbridges. Recommendations 
in locating the surveying site are presented in the last part of the 
appendix. 
WHEEL-LOAD WEIGHER 
The wheel-load weigher, as manufactured by General Electrodynamics, 
Garland, Texas (Ref 56), is a static weighing scale, hydraulically operated. 
This device measures the weight of a wheel and the load applied to it. 
This was the kind of weighing instrument used during the Brazil Study, 
and as stated by Buller, et al (Ref 55), comprises a pressure plate which, 
When pressure is applied to it, depresses a diaphram by means of the roller 
bearings and pressure transfer plates, which in turn transmits the pressure 
via hydraulic fluid to a bourdon tube. This tube tends to straighten, and in 
doing so, activates a rotating shaft by means of a pivoted lever which has a 
sector gear on one end that meshes with a pinion gear on the shaft. The 
shaft has a calibrated circular scale mounted on its upper end, thus as the 
shaft rotates, the scale also rotates and the weight is read from it opposite 
a datum line. 
The whole assembly is contained in a high strength cast aluminum alloy 
chassis which has a non-skid base and a small angle ramp on either side of 
the pressure plate. 
This device needs to be calibrated regularly. In doing this a hydraulic 
press capable of producing a total load of more than 20,000 pounds, is 
required with either an accurate pressure indicator or another previously 
calibrated portable load-wheel weigher. In the calibration procedures two 
parameters need to be considered: the "span" and "linearity." Span is the 
amount of movement between zero and the maximum reading. Linearity is the 
equality of the increments between these two pOints. More details of the 
calibration procedure may be found in Ref 55 and Ref 56. During the Brazil 
Study, the scale accuracy was maintained to within 5 percent at any reading. 
Experience derived from the Brazil Study indicates, as stated in Ref 55 
that the most popular problems encountered in the operation of the wheel-load 
weigher were physical damage caused by irate drivers pulling away too quickly 
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and throwing the instrument along the road. This resulted in broken carrying 
handles and sheared pressure transfer plate locating pins. Since it is not 
always immediately noticeable that these pins are sheared, further internal 
damage is readily incurred during the next attempted weighing. This is due 
to the fact that the pressure-trans fer-plates are free to move about inside 
the instrument. In one such case, the pressure plate was cracked across its 
width and in two other instances, the diaphragm was split with the consequent 
loss of hydraulic fluid. 
PLATFORM SCALES 
This equipment, as developed by the Overseas Unit of the Transport and 
Road Research Laboratory,· specifically for use in developing countries 
(Ref 54), consists of an aluminum alloy weighing platform or weighbridge, a 
read-out unit, and a 12-volt car battery (the dial gauge is normally nitrogen 
filled and fully sealed). The dimensions of this particular weighbridge are 
7 m x 5 m x 0.9 m and it is 44 kg in weight. The system has a measuring 
range of 0-10,000 kg and under field conditions of use, has an overall 
accuracy to within + or - 2 percent of full scale. The equipment is not 
adversely affected by high temperature or humidity. 
The site selected for the weighbridge installation should be firm and 
level, with no high spots and no risk of subsidence during weighing. The 
weighbridge should be installed in a pit with its top face level with the 
surrounding road surface. The design of a typical pit is shown in Fig H.1. 
Timberform work is employed to form the edges of the pit and a level concrete 
base with soakaway to drain off any water that may accumulate, should be 
constructed. A layer of sand may be placed on the base of the concrete to 
facilitate the positioning of the weighing platform which should be levelled 
with a spirit level. It is also recommended to construct a channel to the 
edge of the pit to carry the cable connecting the weighbridge to the read-out 
unit; this prevents it being damaged if a vehicle inadvertently drives over 
it. The pit should be made sufficiently wide to allow the platform to be 
moved laterally, by about 20 cm (18"), to enable large vehicles and trailer 
combinations to align their wheels more easily. It is convenient when 
sitting the weighbridge pit to place it on the driver's side of the vehicle 
to make it easier for him to position his vehicle correctly. A white line 
painted along the road also helps in this respect. 
It is recommended to keep the read-out unit out of the sun and protected 
from rain. 
Calibration of the wheelbridge is carried out by the manufacturer using 
a calibrated proving ring. The user should check the calibration from time 
to time. This may be done using the in-built calibration signal, which 
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Fig H.1. Construction of weighbridge pit as suggested by the TRRL (Ref 54). 
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LOCATION OF THE SURVEYING SITE 
As stated in Ref 54, the success of an axle-load survey and the ease 
with which it can be carried out will depend very largely on the choice of 
site. It must be permitted to sample the traffic easily, quickly and safely. 
The ideal survey site should be located on a clear stretch of road with 
good visibility as it is important that traffic is aware of the survey well 
in advance to give plenty of time to slow down and stop. It is often useful 
to site the survey point at the crest of a hill where, provided the 
approaches on both sides have good visibility, the heavy vehicles being 
surveyed will have to slow down anyway to cope with the gradient. Sites 
Should always be positioned on stretches of road with no junctions or other 
turnings. 
Layouts for survey sites are shown in Fig H.2 through Fig H.3. In these 
cases a two-lane road is considered. The TRRL recommends to use the layouts 
illustrated in Fig H.2 for traffic flows over 30 commercial vehicles per hour 
in both directions (Ref 7). For lower flows, or where turning vehicle 
conflicts do not present a hazard, as the case of the majority of the Forest 
Service roads, the layouts shown in Fig H.3 may be used. Some of the layouts 
require a service road parallel to the road being surveyed. This is a 
particularly convenient arrangement since vehicles being weighed are isolated 
completely from the main traffic road and do not create a traffic hazard. A 
most commonly used type of layout is the one in which the shoulder is 
widened. The TRRL experience derived from studies in developing countries' 
roads indicates that the shoulder be widened and leveled over a length of at 
least twice the length of the longest vehicle and trailer to be weighed. 
When the layouts illustrated in Fig H.2 are used, it is not necessary 
for the two surveying sites to be exactly opposite each other, but it is 
recommended that the two survey points be between the same pair of junctions, 
to ensure that the same sampling conditions apply for both directions of 
traffic. 
Fig H.4 illustrates two more rudimentary layouts, which may be used when 
traffic flow is quite small. The advantage of this layout is that either the 
service road or the widened shoulder would be narrower than in the layouts 
presented in Fig H.3, which have to provide enough space to accommodate and 
to permit circulation of vehicles in both directions. In the case of 
one-lane roads it would probably be necessary to wide a small section of the 
opposite lane, in order to allow long vehicles to adequately turn, as shown 
in Figs H.4.b. 
The adequate selection of the layout for the experimental sections will 
be basically a function of the topography of this section, as well as of the 
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MEASUREMENTS COST ANALYSIS 
RUT DEPTH MEASUREMENTS 
Equipment 
Rut Depth Gauge = $ 2.70 /sect;;ion 
Labor 
Two Technicians 
(2) ($15/hr)(5 hours*) ... $150.00/section 
Transportation Vehicle 
Travelling: (2 hr) ($6.56/hr)= $13.12 




*It was assumed a transportation time of two hours (round 
trip). Two rut depth measurements would be made every 200 
feet in a 1200 foot long test section. Three hours would 




MEASUREMENTS COST ANALYSIS 
ROUGHNESS MEASUREMENTS 
Equipment 
Mays Meter = $ 19.45 /section 
Mays Meter Automobile: 
($6.38/hour) (2.5 hr*) = 15.95/ section 
Labor 
2 Technicians: 
(2) ($15/hr) (2.5 hr*) = 75.00/section 
Total $110.40/section 
*Assuming that two hours would be spent in transportation 
and that the measurements would take half an hour, the 
operating speed is assumed to be 30 mph. A set-up time 
of 20 minutes has been considered. 
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The adequate selection of the layout for the experimental sections will 
be basically a function of the topography of this section, as well as of the 
traffic flow and available resources. The pilot study should define the most 
adequate layout. 
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MEASUREMENTS COST ANALYSIS 
AGGREGATE LOSS MEASUREMENTS 
J:quipment 
Rod and Level, transit, and 
related equipment = 
Labor 
Leveling Crew 
(3 Technicians) ($15/hr) = $45.00/hr 
Surveying Crew 
(3 technicians) ($15/hr) = 45.00/hr 
90.00/hr 
Time Required: 
Transportation: 2 hours 
Measurements 3 hours* 
5 hours 
Charge per labor: ($90/hr) (5 hr) = 
Transportation Vehicles (2 units) 
Traveling: (2 units) (2 hr) 
(6.56/hr) = $26.24 
Idle (2 units) (3 hr) 




Charge per transportation vehicle = $36.40/section 
Total $496. 64/section 
*Assuming that a 200-foot-Iongsection ·wou1d be leveled 
following a grid pattern of 20 ft x 4 ft, thirty-three 
points need to be located and leveled. 
MEASUREMENTS COST ANALYSIS 
LOOSENESS OF MATERIAL 
Equipment 
Dust Pan and Related equipment = $ 3.00/section 
Labor 
2 Technicians 
(2) ($15/hr) (5 hours*) ~ $150.00/section 
Transportation Vehicle 
Travelling: (2 hr) 
($6.56/hr) = $13.12 
Idle (3 hr) 
($2.60/hr) = 7.80 
$20.92 
Charges per transportation = $ 20.92/section 
$173.92 
*Assuming two hours for transportation (round trip) 
and three hours taking measurements in two cross 
sections of the road. 
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MEASUREMENTS COST ANALYSIS 
IN-SITU DENSITY AND MOISTURE CONTENT MEASUREMENTS 
Equipment 
Nuclear Gauge = $8.l7/section 
Labor 
One Technician 
(7 minutes/test) ($l5/hr) = $l.75/section 
Transportation Vehicle 
It is assumed these measurements 
would be performed by the crew per-
forming other tests, so O.OO/section 
Total $9.92/ section 
Since this cost includes the den-
sity and moisture content measure-
ment, the latter total must be di-
vided by two to get the cost for 
each of these tests, so the unit 
cost would be $4.96/section 









Duration of the Measurements 1 hr 
Charger per equipment: ($26.45/hr) (1 hr) = $26.45/section 
Labor 
Two Technicians 
(2) ($15/hr) (3 hr*) = 90.00/section 
Transportation Vehicle 
2 hours travelling 
(2 hr) ($6.38/hr) = 12.76/ section 
$129. 21/section 
*It was assumed two hours for transportation, round trip, 
and one hour for taking the measurements. If deflection 
measurements are taken every 100 feet, in both wheel paths, 
the number of measurements per section would be 26 ~nd 
estimating 1.5 minutes per measurement and 20 minutes for 
set-up and mobilization, the time required per section 
would be one hour. 
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MEASUREMENTS COST ANALYSIS 




Assuming that two test pits 3 ft x 
3 ft x 8 in. would be dug, taking 2 hours 
to perform this, adding two hours for 
transportation, the charge per job would 
be, considering two technicians. 
(2) ($l5/hr) (4 hr) = 
Transportation Vehicle 
Travelling: (2 hr) ($6.56 hr) = $13.12 
Idle (2 hr) ($2.60/hr) = 5.20 
$18.32 





MEASUREMENTS COST ANALYSIS 
TRAFFIC MEASUREMENTS 
QUANTIFICATION AND CLASSIFICATION OF THE TRAFFIC 
Equipment 
Time Lapse Camera $22.48/scction 
Time Lapse Projector 1.20/section 
$23. 68/section 
Charge for Equipment 
Labor 
Shooting. One technician during seven 
days for two and a half hours a day: 
(7 days) (2.5 hr/day) ($15/hr) = $262.50 
Analyzing the film. It will take one 
technician one hour: (1 hr) ($15/hr) 15.00 
$292.50 
Charge fo:r Labor 
Transportation Vehicle 
Travelling: (2 hr/day) (7 days) 
($6.56 hr) = $ 91.84 
Idle (0.5 hr/day) (7 days) 




Charge for Tr ansporta tior.. $100.94/ se ct ion 
Materials 
Super-8 Film 
(7 rolls) ($5.60*/each) = $ 39.20 
Developing 
(7 rolls) ($3.40*/each) = $ 23.80 
$ 63.00 (Continued) 
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QUANTIFICATION AND CLASSIFICATION OF THE TRAFFIC (Continued) 
Materials (Continued) 
Other materials such as batteries 
mounting material, etc., assuming 
a 10% of the film cost: 
(0.10) ($63.00) $ 6.30 
$69.30 




An average daily traffic of 60 vpd is assumed. Each vehi-
cle would be filmed for 1.5 minutes. This would represent 
90 minutes of film per day. If the picture is shot at 30 
frames/minute, 2700 frames would be required. A common 
super-8 roll has 3600 frames. 
*Prices as provided by The University Co-op, Camera Depart-
ment, Austin, Texas, October 1980. 
MEASUREMENT COST ANALYSIS 
TRAFFI C MEASUREMENTS 
AXLE lOADS 
Equipment 
2 Portable Wheel-load Weighers 
(2 units) ($19.75/section) 
Labor 
2 Technicians surveying for 16 hours 
per day during the seven days of a week: 
= $ 39.,50/ section 
(2) ($15.00/hr) (7 days) (16 hr/day) = $3,360.00/section 
Transportation Vehicle and Shelter 
A mobile home may be provided for this 
purpose at a charge of $25./day: 




Equipment Cost Analysis 
Rut Depth Gauge 
Acquisition cost: $ 400.00 
Life (years): 3 
Salvage Value: 0% 
Ownership cost 
Depreciation (D): 
D (400.00 - 0.00)/3 years 
Investment, insurance, and storage cost (I): 
= 
I = (400.00 + 0.00)(0.15)/2 = 
Maintenance and repairs (M): 
M = (133.33)(0.60) = 
Total ownership cost: 
Operation Cost 
Fuel, lubricating oil, etc. 
Total operation cost: 
Total cost: 
$ 133. 33/year 
$ 30. DO/year 
SO.OO/year 




If one rut depth gauge is used for five sections, and measurements 
are taken every three weeks, the cost per section would be 
Cost per measurement and per section: (243.33)/(5)(18) = $2.70 
Equipment Cost Analysis 
Transportation vehicle. 
Pick-up truck, 8 cylinders. 
Acqusition Cost; $ 6,000 
Life (years): 5 
Salvage value: 10% 
Operation hours per year: 1,000 
Ownership Cost 
Depreciation (D): 
D = (6,000 - 600)/(5)(1000) = 
Investment, insurance and storage (I): 
I (6,000 + 600)(0.15)/(2)(1000) = 
Maintenace and Repairs (M): 
M = (0.50)(1.08) = 
Total Ownership cost: 
Operation Cost 
Gasoline: (0.06) (100 HP) (0.60) ( $ 1.1/ga1) = 
Oil: 
[({100 HP)(O.6)(0.006)/7.4) + 4 ga1/100 hour][$ 2/ga1] = 
Tires: (4)($ 150.00/each)/2000 hours 



















Equipment Cost Analysis 
Mays Meter 
Unit furnished with DMI and electronic output system 
Acquisition cost: $ 2,900 
Life (years): 3 
Salvage value: 20% 
Ownership Cost: 
Depreciation (D): 
D (2,900 - 580)/3 years 
Investment, insurance and storage (I): 
I = (2,900 + 580)(0.15)/2 = 
Maintenance and repairs: 
M (0.80) ($ 773.33) = 
Operation Cost 
Total Cost: $ 





If the Mays Meter is calibrated four times during the year, each 
time requiring three days, the Mays Meter would be available 
fifty weeks during the year. If measurements are taken every three 
weeks and if each unit is shared by five sections, the cost per 
measurement and per section (OMS) would be 
CMS = ($ 1,652.99)/(5 sect.) (17 meas./year) $19.45 
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Equipment Cost Analysis 
Nuclear Gauge 
Nuclear Density Meter Mod. NIC-5DT, manufacturd by Soi1test, Inc. 
Acquisition cost: $ 2,800 
Life(years): 4 
Salvage value: 0% 
Ownership Cost 
Depreciation (D): 
D = ($ 2800 - 0)/4 years = $ 700.00/year 
Investment, insurance and storage (I): 
I = (2800 + 0)(6.15)/2 = 210.00/year 
Maintenance and Repairs (M): 
M * (0.8)($ 700.00) = 560.00/year 
Operation Cost O.OO/year 
Total Cost: $ 1,470.00/year 
Assuming that this device would be shared by five sections and that it 
would be used for density and moisture measurements every three weeks. 
The total number of tests that would be performed would be 36 for each 
of them and the charge for equipment per test (CET) would be 
CET = ($ 1,470.00/year)/(5 sect)(36) $ 8.17 
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Equipment Cost Analysis 
Mays Meter Automobile 
Medium size vehicle, six cylinders, gasoline engine 
Acquisition cost: $ 5,000 
Life (years): 4 
Salvage Value: 10% 
Hours per year: 1,000 
Ownership Cost 
Depreciation (D): 
D = (5,000 - 500)/(4)(1,000 hours) = 
Investment, insurance and storage (I): 
I = (5,000 + 500)(0.15)/(2)(1,000) = 
Maintenance and repairs (M): 
M = (1.2)($ 1.13) = 




Gasoline: (0.6) (80 HP) (0. 6) ($ lolO/gal) = $ 
Oil: 
[«80 HP)(0.6) (0.006)/7.4) + 2 gal/100 hr)][$ 2/gal]= 
Tires: (4)($ 100/each)/2000 hr = 
Total Operation Cost: $ 










Equipment Cost Analysis 
Falling Weight Def1ectometer 
Acquisition Cost: $ 60,000 
Life (years): 5 
Salvage Value: 10% 
Hours of operation per year: 1,000 
Ownership Cost 
Depreciation (D): 
D = (60,000 - 6,000)/(5)(1,000) 
Investment, insurance and storage (I): 
I = (60,000 + 6,000)(0.15)/(2)(1,000) 
Maintenance and Repairs (M): 










Equipment Cost Analysis 
Portable Wheel Load Weigher 
Model MD-SOO as manufactured by General E1ectrodinamics Corp., 
Garland, Tx.; 20,000 1bs capa~ity. 
Acquisition Cost: $ 1,312.50 
Life (years): 3 
Salvage value: 0% 
Ownership Cost 
Depreciation (D) : 
D = (1312.50 -0.00)/3 years = $ 437.50/year 
Investment, insurance, and storage (I): 
I = (1312.50 + 0.00)(0.15)/2 = 98. 44/year 
Maintenance and repairs (M): 
M = (0.40)($ 437.50) 175.00/year 
O£eration Cost = O.OO/year 
Total Cost: $ 710. 94/year 
Assuming that the axle load measurements would be made once a year, 
and that the survey would take one week per section, monitoring three 
sections per month. The charge per section and per survey (CSS) 
would be 
CSS = ($ 710.94)/(12 months) (3) = $ 19.75 
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Equipment Cost Analysis 
Time Lapse Camera 
Model 1240 as distributed 
including super-8 camera, 
Acquisition Cost: $ 
by Timelapse Inc., Mountain View, CA, 








D = (2075 - 415)/4 years 
Investment, insurance, and storage (I): 
I = (2075 + 415)(0.15)/2 
Maintenance and repairs (M): 
M = (0.50)(415.00) 
Operation Cost 
Total Cost 
= $ 4l5.00/year 
= 186. 75/year 
= 207.50/year 
= O.OO/year 
$ 809. 25/year 
Assuming this camera would be shared by nine sections, making four 
measurements in each section during the year, the charge for each 
section and for each measurement (CSM) would be 
CSM ($ 809.25)/(9 sect) (4) $ 22.48 
* Timelapse price list as June 1980 
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Equipment Cost Analysis 
Time Lapse Projector 
Model 3240 as distributed by Timelapse Inc., Mountain View, CA. 
Acquisition Cost: $ 2,075 
Life (years): 6 
Salvage value: 20% 
Ownership Cost 
Depreciation (D): 
D (2075 -415)/6 years $ 276. 67/year 
Investment, insurance, and storage (I): 
I = (2075 + 415)(0.15)/2 = 186. 75/year 
Maintenance and repairs (M): 
M (0.50)($ 276.67) = 138. 33/year 
Operation Cost = O.OO/year 
Total Cost: $ 601. 75/year 
Assuming that by using one projector the traffic information from 
500 sections may be counted and classified, the charge per section 
CS would be 
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